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ABSTRACT 
Triticum species (primarily T. tauschil) were used in this thesis as an 
experimental system to elucidate the genetic and physiological basis of the 
control of Na+ accumulation rate in leaves and its relation to salt tolerance. 
A large collection of T. tauschii accessions ( 415) was screened for leaf 
Na+ concentration in 150 mol m-3 NaCl. A small set of accessions were 
selected on the basis of Na+ concentration in leaf 5, and their salt tolerance 
was determined in subsequent growth experiments. Two salt-tolerant ( T. 
tauschii CPI 110664 and CPI 110835) and two salt-sensitive ( T. tauschii CPI 
110791 and AUS 18905) accessions were identified. The salt-tolerant 
accessions had lower leaf Na+ concentrations than the salt-sensitive 
accessions. These accessions were used for subsequent physiological and 
genetic studies. 
To ensure that genotypic differences in the rate of Na+ accumulation 
were not due merely to genotypic differences in leaf expansion rates, Na+ 
concentrations were followed throughout the life of an expanding leaf in salt-
tolerant and salt-sensitive accessions. The rate of Na+ accumulation was 
lower in salt-tolerant genotypes both during and after the phase of leaf 
expansion. In addition to the lower rates of Na+ accumulation this experiment 
also highlighted a second feature of salt-tolerance. One T. tauschii accession 
was salt-sensitive in part because it did not tolerate as high Na+ concentration 
in its leaves as did other accessions. 
Experiments were conducted to test whether the selectivity of a K+ 
channel in root cells may determine the genotypic differences in the rate of 
Na+ accumulation. Ion channel selectivity was determined using the patch 
clamp technique and shifts in the reversal potential of the current-voltage 
relationship. The K+/Na+ selectivity of this K+ channel, through which Na+ 
may move into root cells, was the same in salt-tolerant and sensitive species 
of Triticum. 
IV 
Diploid T. tauschii genotypes that differed in salt tolerance and the rate 
of Na+ accumulation in leaves were used to create synthetic hexaploids. 
These hexaploids were grown under saline and control conditions to 
determine their salt tolerance and leaf Na+ concentrations. Synthetic 
hexaploids with a D genome from T. tauschii accessions with moderately high 
salt tolerance had higher relative yields and lower Na+ concentrations in leaf 5 
than hexaploids with a D genome from a salt-sensitive accession. The level of 
salt tolerance in the diploid was expressed in the hexaploid, which indicates 
that T. tauschii may be a source of genes for the improvement of salt tolerance 
in bread wheat. 
RFLP and isozyme markers were used to determine the location and 
number of loci controlling the rate of Na+ accumulation in an F2 population 
segregating for leaf Na+ concentr:ations. One quantitative trait locus (QTLf on 
chromosome 4 in the T. tauschii genome was significantly associated with leaf 
Na+ concentration in the F2 population. The QTL was located in the proximity 
of a putative K+ channel gene. The location of the QTL near this gene 
supports the conclusion that this region of chromosome 4 is important in the 
salt tolerance of wheat. 
These results show that the low rate of Na+ accumulation is an 
important trait in the salt tolerance of wheat, that genes for salt tolerance and 
Na+ accumulation rate from T. tauschii are expressed at the hexaploid level, 
and that a gene controlling the rate of Na+ accumulation may be located on 
chromosome 4 of T. tauschii. 
V 
VI 
ABBREVIATIONS 
cDNA complementary DNA 
cM centimorgan, a unit of genetic length 
d day(s) 
DNA deoxyribonucleic acid 
dS m-1 deci Siemen per meter (conductivity) 
EK equilibrium potential for potassium 
Em resting membrane potential 
h hour(s) 
IRRI International Rice Research Institute 
Ip pipette current 
IN current versus voltage 
L liters/litres 
LOO 1091 o of the odds ratio 
min minute(s) 
mmol g -1 OW millimol~ per gram dry weight ;:. 
mV millivolt 
pA pico ampere 
PAR photosythetically active radiation 
QTL quantitative trait loci 
RFLP restriction fragment length polymorphism 
s second(s) 
sos sodium dodecyl sulfate 
SE standard error 
Tris Trizma hydrochloride 
Vm membrane potential 
µF cm-2 micro Farad per centimeter squared (capacitance) 
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CHAPTER 1 
Introduction 
Rationale 
Saline soils are widespread and may seriously reduce plant growth 
and yield. Improving the salt tolerance of crop plants should enhance crop 
production in regions where soils are saline and the level of soil salinity is 
stable. The identification of a physiological trait that confers salt tolerance and 
that can be genetically manipulated should speed progress towards the 
development of salt-tolerant crops. 
Aims 
~ 
1) To test whether the rate of Na+ accumulation in leaves is consistently 
lower in salt-tolerant than in salt-sensitive genotypes of wheat. 
2) To determine whether genotypic differences in the selectivity of ion 
channels in root cells and/or leaf expansion determines genotypic differences 
in the rate of Na+ accumulation in leaves. 
3) To determine whether the rate of Na+ accumulation in leaves is 
amenable to genetic manipulation, by identifying the number and 
chromosomal location of major genes that may be controlling this trait. 
Experimental strategy 
Triticum tauschii - a model system 
Genetic and physiological considerations led to the use of T. tauschii as 
a model system for understanding and manipulating salt tolerance in wheat. 
The diploid form of the T. tauschii genome is three times smaller than the 
hexaploid form of the wheat genome and therefore simplifies genetic 
analyses. T. tauschii also appeared to be an excellent candidate because of 
reports that it possesses genes that reduce the rate of Na+ accumulation in 
1 
leaves thereby enhancing salt tolerance (Gorham et al. , 1987; Shah et al. , 
1987). 
T. tauschii is a progenitor of the modern hexaploid wheat. Figure 1 .1 
outlines the major events in the evolution of T. aestivum or bread wheat. In the 
first step diploid species with the A and B genomes hybridized to create a wild 
type of T. turgidum (AABB). Triticum tauschii (D genome) then hybridized with 
T. turgidum and the spontaneous doubling of chromosomes produced T. 
aestivum (AABBDD). 
AA BB 
2n=14 
Triticum urartu 
X 2n=14 
Section Sitopsis related species 
AABB 
2n=2.8 
Triticum turgidum 
X DD 2n=14 
Triticum tauschii 
AABBDD 
2n=42 
Triticum aestivum 
Figure 1.1 The species involved in the evolution of bread wheat 
A high degree of variation was an essential factor for the physiological 
and genetic studies. Large differences between genotypes is necessary in 
physiological studies based on genotype comparisons, because there is often 
large experimental error due to individual plant variation and environmental 
factors. G~notypic variation is also essential for genetic mapping. The 
widespread geographical distribution of T. tauschii accessions (Kihara et al., 
1965) suggested that variation on the physiological and genetic level could be 
very high. 
The possibility of genetic recombination with the D genome of bread 
wheat is the major advantage of the T. tauschii system over the wild species 
chosen by two other groups studying the genetics of salt tolerance in wheat 
2 
(Gorham et al., 1986; Dvorak et al., 1988). Traits identified in T. tauschii have 
the potential for being transferred to bread wheat by recombination where 
their expression can then be studied at the hexaploid level. Transfer of genes 
from T. tauschii to bread wheat may be via synthetic hexaploids or by direct 
transfer to hexaploids (Gill and Raupp, 1987). 
Na+ accumulation rate and its relation to salt tolerance 
In general there is a link between low leaf Na+ concentrations and salt 
tolerance in wheat (Torres Bernal et al., 1974; Wyn Jones et al., 1984; 
Francois et al., 1986; Schachtman et al., 1989). Salt-tolerant genotypes have 
consistently been shown to have lower leaf Na+ concentrations than salt-
sensitive genotypes when grown in high NaCl. Cl- also accumulates in wheat, 
-
but the variation in leaf Cl- in wheat and related wild species, is not nearly as 
great as the variation in leaf Na+ concentrations (Shah et al., 1987; Gorham, 
1990; Gorham et al., 1990). Low leaf Na+ concentrations in these latter 
studies was always associated with the salt-tolerant genotypes. Using 
different types of nutrient solutions, high Na+ in the external medium was more 
toxic to the growth of wheat than high Cl- (Kingsbury and Epstein, 1986) or 
high Na+ was more toxic than concentrated nutrient solutions (Termaat and 
Munns, 1986). Therefore to narrow the scope of this thesis consideration was 
restricted to the physiology and genetics of Na+ accumulation rate in leaves. 
Research Outline 
1) Selecting salt-tolerant and sensitive plant material 
To identify plant material suitable for physiological and genetic studies 
a collection of 415 T. tauschii accessions was screened for differences in leaf 
Na+ concentration. Leaf Na+ concentration at a given stage of development 
was used as an indirect measure of Na+ accumulation rate. The aim was to 
identify accessions of T. tauschii that differed in salt tolerance and rate of Na+ 
accumulation. Results of that screening and the results of a subsequent 
3 
growth experiment verifying the salt tolerance and salt sensitivity of 1 O 
selected accessions are presented in Chapter 2. 
2) Physiological mechanisms of salt tolerance 
Chapter 3 describes the genotypic differences in the rate of Na+ 
accumulation during and after leaf expansion in selected T. tauschii 
accessions and the two standard cultivars. Chapter 4 tests the hypothesis that 
the greater K+/Na+ selectivity of an ion channel in root cells is the mechanism 
which determines the lower Na+ accumulation rate of salt-tolerant genotypes. 
Two standard T. aestivum and T. turgidum cultivars were used rather than the 
T. tauschii accessions for the ion channel study, because a large amount of 
root material was needed for protoplast preparation and the amount of seed 
from the T. tauschii accessions was limited. These standards, T. aestivum cv. 
Kharchia (salt-tolerant) and T. turgidum cv. Modoc (salt-sensitive), were 
included in all the experiments conducted for this thesis except in the genetic 
analysis (Chapter 6). 
3) Genetics of Na+ accumulation rate 
Chapter 5 confirms that the rate of Na+ accumulation and salt tolerance 
of bread wheat depends ultimately on genes from the D genome. Hexaploids 
were synthesized using T. tauschii accessions differing in salt tolerance and 
their salt tolerance tested. Chapter 6 describes the results from three years of 
work on identifying suitable T. tauschii accessions for genetic studies, making 
crosses between accessions with high rates of Na+ accumulation and low 
rates of Na+ accumulation and testing the segregating f 2 population for leaf 
Na+ concentrations. Restriction fragment length polymorphism (RFLP) and 
isozyme markers were used to resolve the Na+ accumulation rate and salt 
tolerance into mendelian factors. Data were gathered on the putative location 
and number of genes that control the rate of Na+ accumulation in T. tauschii. 
4 
Measurement of and selection criteria for salt tolerance 
The degree of salt tolerance has been defined in many ways. Relative 
yield is the definition of salt tolerance used in this thesis. Others have also 
used a relative measure of salt tolerance (Francois et al., 1986; Jones and EI-
Beltagy, 1989; Ashraf and Waheed, 1990). Relative yield is the total biomass, 
grain yield or dry matter measured in saline conditions expressed as a 
percentage of the yield measured in non-saline conditions. A relative 
measure of salt tolerance normalizes plants with different growth or yield 
potentials, so physiological mechanisms may be separated from other 
confounding effects such as high vigor. Relative yield is an appropriate 
measure of salt tolerance when screening diverse germplasm collections 
because of the large physiological and morphological differences between 
;:. 
accessions in these collections. This definition would also be appropriate for 
identifying specific physiological mechanisms that could be modified by a 
breeding program. However, since both specific tolerance factors and yield 
potential determine yield under stress, an analyst using relative yield must 
also take into account the absolute growth and yield (Pasternak et al., 1979; 
Blum, 1985). High yield potential should not be lost in the process of 
developing a crop for stress tolerance. 
Regression analysis 
The USDA Salinity Lab has used regression analysis to describe plant 
response to salinity. The response to salinity, particularly under field 
conditions, may not be linear and therefore it has been described in terms of: 
1) threshold - the salinity level at which yield (grain or dry matter) decreases 
are first detected and 2) slope - the slope of the regression of absolute or 
relative growth or yield plotted against at least six salinity levels. A major 
advantage of this description is that it should describe plant response to 
salinity at many different soil salinities. However, Maas (1986) points out that 
these parameters are only a guideline as they vary depending on soil, climate 
5 
and management practices. Furthermore, Shannon (1985) cautions that 
carefully controlled conditions are needed to obtain accurate slope values and 
that the threshold is sensitive to interaction with other environmental variables. 
One problem with this approach is that most research institutes do not have 
the facilities to carry out large experiments using 6 - 10 salinity levels to 
determine the relationship between yield and salinity level. Therefore most 
research groups have adopted simpler definitions of salt tolerance that are 
probably constrained by available facilities and the number of research staff. 
Although regression analysis has been used in field studies, the 
selection for salt-tolerant genotypes in the field is difficult because it is often 
confounded by variability in soil salinity (Richards et al., 1987). Most studies 
have used nutrient solutions in glasshouses, but at least one study used soils 
from saline mangrove swamps to develop a more salt-tolerant rice cultivar 
(Jones, 1989). Newer methods of quantifying soil salinity may make it easier 
to select for salt tolerance under field conditions. These techniques have 
recently been used successfully to determine the salt tolerance of barley 
genotypes in the field (Slavich et al., 1990). 
Survival 
Several groups have used survival as a measure of salt tolerance to 
select for salt-tolerant genotypes. Survival has been variously defined as: 1) 
the ability to set viable seed at a given concentration of NaCl; 2) the 
percentage of plants remaining alive after a specified duration in saline 
conditions; 3) the number of days at which 50°10 of plants remain alive (Dso); 4) 
the percentage of plants that are alive when 50°10 of a standard cultivar is 
dead. Although early data showed that Dso was correlated with yield under 
saline field conditions (Flowers and Yeo, 1981 ), the use of survival was called 
into question by data presented in a later publication (Flowers and Yeo, 1989). 
Survival under saline conditions during the seedling stage in rice may not be 
associated with seed production, because of panicle sterility which 
6 
may occur in certain cultivars later in the development (Akbar et al. , 1972; 
Akbar and Yabuno, 1977). In a more recent publication on rice survival was 
assessed at the time when 50°/o of the plants from a "check" cultivar were dead 
(Yeo et al., 1990). A check cultivar was presumably used to standardize 
experiments done over several years in varying environmental conditions. 
Survival has also been used to select for salt tolerance in wheat. For 
wheat survival was defined in reproductive terms, as the ability to set seed 
under saline conditions (Kingsbury and Epstein, 1984). This criterion was 
useful in selecting a few salt-tolerant lines, but many of the other "salt-tolerant" 
lines did not set viable seed (Kingsbury and Epstein, 1984). There was also 
no correlation between salt tolerance and plant vigor in that study. Survival 
was also used in the vegetative stage to assess salt tolerance within several 
wild species that are related to wheat (McGuire and Dvorak, 1981 ). Survival is 
of great significance to wild populations of annual species, because the ability 
to set seed assures the future of a plant population in subsequent years. In 
crop plants, survival may be less relevant because the ability to survive may 
not be well correlated with the ability to grow (Nicholls and McNeilly, 1985). 
Root length measurements 
Root growth measured after a standard period in saline conditions has 
been used as a measure of salt tolerance (Venables and Wilkins, 1978; Ab-
Shuker et al., 1988; Kik, 1989). This measurement is rapid, simple and non-
destructive, though is probably not as sensitive as measuring leaf growth, 
because root growth is not as sensitive to salinity. Another potential problem 
with this method is that it would need to be done on seedlings. This stage of 
development may be too early to detect genotypic differences (Wilson et al. , 
1970; Schachtman et al., 1989). The root length system requires calibration 
with whole plant salt tolerance, because it may not be suitable for all species 
due to differences in root morphology (Rozema and Visser, 1981 ). 
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Visual assessment 
Visual assessment of salt injury to plants growing in saline medium, 
based on the amount of damage to the leaf, has been used to classify the salt 
tolerance of Hordeum cultivars (Greenway, 1962) and Medicago sativa 
populations (Noble et al., 1984). Rawson et al. (1988b) demonstrated for 
cereals that the number of dead leaves on the main shoot could be used to 
determine salt tolerance, as it was well correlated (r2=0. 73) with biomass 
production. Similar methods have been used successfully by plant 
pathologists to determine the disease or insect resistance of cultivars. It is a 
simple method and accurately identifies the most sensitive plants, but may not 
separate the most tolerant genotypes from those that are intermediate in salt 
tolerance (see Chapter 2 discussion). 
Leaf Na+ (CJ-) concentration 
Although it is widely accepted that in crop species the more salt-tolerant 
genotypes have lower Na+ concentrations in leaves (reviewed by Lauchli, 
1984 for pasture species), the link between Na+ accumulation rate and salt 
tolerance is sometimes tenuous. This is partially because the Na+ transport 
mechanisms in plants are poorly understood and because it has been difficult 
to determine how or where Na+ reduces growth (Munns and Termaat, 1986; 
Munns et al., 1988; Rawson et al., 1988a). Species difference in the relative 
amounts of Na+ and Cl- accumulated may also confuse the link between Na+ 
and salt tolerance. Whereas some species may be salt-sensitive because of 
high leaf Na+ concentrations others may accumulate higher concentrations of 
Cl- ( e.g. grapevines, Greenway and Munns, 1980) and therefore may be salt-
sensitive because of excessive leaf Cl- concentrations. 
The link between Na+ and salt tolerance is weakened by papers that 
report conflicting results with the same cultivars. A maize cultivar that had low 
leaf Na+ concentrations was more salt-sensitive than one with higher leaf Na+ 
concentrations (Schubert and Lauchli, 1986). However, in another study with 
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the same two cultivars, large cultivar differences in leaf Na+ concentrations 
were measured but no difference in cultivar salt tolerance was found (Maas et 
al., 1983). In contrast to these studies a good correlation was found between 
leaf Na+ concentrations and the survival of 26 maize cultivars (Hajibagheri et 
al., 1987). Cultivars with low leaf Na+ concentrations were more salt-tolerant 
than those with high leaf Na+ concentrations. The different protocols for time 
of salinization and harvest, and the use of different definitions of salt tolerance , 
may be causes for some of the discrepancies in these results. 
As discussed earlier the link between leaf Na+ concentration and salt 
tolerance is strong for wheat. Therefore Na+ concentration of a leaf has been 
used as a criterion for selecting salt-tolerant genotypes in this thesis. In rice, 
Yeo et al. (1988) showed that Na+ content was inherited in subsequent 
generations, but did not state whether high Na+ populations were more salt-
sensitive than the low Na+ populations. In a later paper, Yeo et al. (1990) 
showed that shoot Na+ concentrations were correlated with survival, which 
was used as a measure of salt tolerance. The advantage of using Na+ as 
measure of salt tolerance is that a single leaf may be excised for measurement 
early in growth under saline conditions. Entire populations can then be 
rescued so that genetic analysis can be carried out on subsequent 
generations without the loss of sensitive genotypes. 
Absolute tolerance 
For crop plants, any measure other than yield in a saline field is useful 
only if it is closely correlated to yield in a saline field. Absolute salt tolerance is 
yield under saline conditions. This measure may be most appropriate for plant 
breeders who are not interested in underlying physiological mechanisms. 
Their primary aim is to produce a cultivar that yields well under saline 
conditions. It has been suggested that cultivars with the highest yields under 
non-saline conditions will yield best in saline conditions. This measure of salt 
tolerance has been promoted in part because it would allow breeders to 
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circumvent the direct selection cycle on saline soils (Richards, 1983). It may 
be the most efficient option where soil salinity within a field is variable. 
Several reports support this option (Rawson et al., 1988b; Kapulnik et al., 
1989; Yeo et al., 1990). Other data suggest that the most vigorous plants 
under non-saline conditions will not necessarily be the most salt-tolerant 
(Pasternak et al., 1979; Kingsbury and Epstein, 1984; Richards et al., 1987, 
Chapter 2 this thesis). Blum (1985) and Richards (1987) suggested that vigor 
be considered in the initial phase of a drought or salt tolerance breeding 
program. In the first selection cycle vigorous lines should be identified by 
selecting under control conditions. Subsequent selections should occur in the 
stress environment to identify lines of high vigor that are tolerant and sensitive 
to the stress. 
-
In this thesis, T tauschii accessions differing in vigor were deliberately 
chosen to dissect out the affects of vigor and salt tolerance. 
Literature Review 
This section will review the literature that relates to the experimental 
chapters of this thesis and focuses on information from crop plants (non -
halophytes). Halophytes have been defined as the native flora of saline 
habitats (Jennings, 1976). 
Mechanisms that mediate Na+ transport and accumulation rate 
The molecular structure through which N?+ flows across the plasma 
membrane into plant cells is not known in spite of the numerous studies on 
Na+ transport mechanisms. Figure 1.2 outlines the possible molecular 
mechanisms of ion transport across membranes. The mechanisms that 
operate in the root which may regulate the influx of Na+ into the root and shoot 
will be discussed first, followed by a short section on how Na+ concentrations 
may be controlled in leaves. A separate section is devoted to ion channels 
because they are the subject of Chapter 4 and may be the molecular structure 
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through which Na+ moves across the plasma membrane. Cell membranes in 
this thesis will be referred to as the plasma membrane and the vacuole 
membrane. 
Influx of Na+ 
In crop plants Na+ probably enters cells via a K+ transport mechanism 
that is not perfectly selective for K+. Most crop plants probably evolved in non-
saline areas and therefore may not have specialized transport systems to 
cope with NaCl. In addition there is no evidence of a Na+ specific transport 
mechanism in plants except for a Na+/H+ antiport ( see section on Na+ 
sequestration). At low concentrations of K+ a K+-ATPase and a H+-K+ 
' 
symport (see Fig. 1.2) emerge as likely mechanisms of K+ transport (Kochian 
and Lucas, 1988). At higher Na+ concentrations where the influx of Na+ w~s 
predicted to be a passive process (Schubert and Lauchli, 1990), Na+ transport 
across membranes may be via a K+ ion channel (see Fig. 1.2) (Hedrich and 
Schroeder, 1989). 
A second major pathway for Na+ influx into the root and on towards the 
xylem is via the apoplast. It is believed that the hypodermis and/or 
endodermis block the apoplastic pathway to the stele. In Puccinellia peisonis, 
the endodermis effectively limited the amount of Na+ that reached the stele 
(Stelzer and Lauchli, 1978). However, it is possible that Na+ could bypass 
those barriers. In a salt-sensitive crop species, rice ( Oryza sativa), the 
movement of Na+ through the apoplastic pathway was studied using a tracer 
(PTS) that was shown to be confined to the apoplast. Yeo et al. (1987) 
showed that there was a strong positive relationship between the transport of 
tracer and the transport of Na+ to the shoot. The correlation between tracer 
movement and Na+ movement indicates that Na+ ions may have bypassed 
barriers such as the endodermis and moved towards the xylem via the 
apoplast. The reason for the genotypic variation in the apoplastic flux of Na+ 
in rice is unknown. 
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A) One type of membrane transport protein is a carrier. Ions bind to a site on the carrier and 
move via the carrier in several ways as illustrated above. Carriers function as unlports which 
move one ion, as symports which move two ions in the same direction, or as antiports which 
move one ion out of the cell and one ion into the cell. 
EXTRACELLULAR SPACE 
CYTOPLASM 
8) The movement of ions via carriers can be passive (due to an electrochemical gradient) or 
active (due to an ATPase). This shows the active transport of Na+ across the membrane via the 
Na+-K+ ATPase present in some animal cells. Na+ binds to the carrier, ATP is hydrolysed and 
the carrier undergoes a conformational change that leads to the transport df Na+ across the 
membrane. 
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C) The second type of membrane bound transport protein is a channel. Ion channels have a 
gating mechanism that opens and closes when stimulated by voltage, second messengers, 
drugs or stretching. When the channel opens the electrochemical gradient and the channel's 
selectivity filter determine the rate and type of ion that flows through the channel. 
Figure 1.2 Ions move through membranes via carriers or channels. (Figure taken from 
Molecular biolooy of the cell, 1989, Bruce Roberts et al. eds, Garland Publishing, USA.). 
Efflux of Na+ 
Jeschke (1984) reviewed evidence for K+ stimulated Na+ efflux across 
the plasmalemma. This system functions by pumping H+ out of the cell, K+ 
moves in to balance the charge and the proton gradient provides energy for 
the efflux of Na+ via a H+/Na+ antiport (see Fig. 1.2). This system operates 
with high efficiency in salt-tolerant species such as barley, at least at an 
external NaCl concentration of 1 mol m-3 . The importance of this system at 
high salinities is unknown. Clint and MacRobbie (1987) studied the Na+ efflux 
system in giant algal cells where concentrations of minerals and nucleotides 
such as ATP on both sides of the membrane were known. They showed that 
amiloride (which inhibits a Na+/H+ antiport in animal cells) inhibited Na+ efflux, 
-
which suggested that the efflux of Na+ was via a Na+/H+ antiport and therefore 
was not dependent on chemical energy. However, they also showed that Na+ 
efflux was reduced by lowering the internal concentrations of ATP which 
suggested that Na+ efflux was either directly dependent on chemical energy 
(ATP) or that the antiport required a H+-ATPase established H+ gradient. 
More experiments are needed to clarify whether the mechanism of Na+ efflux 
is dependent on ATP as a source of energy or is in some way regulated by 
cytoplasmic concentrations of ATP. 
Although there may be an efflux mechanism in the plasma membrane, it 
may not be important in limiting net Na+ influx under conditions of moderate or 
high salinity (Katsuhara and Tazawa, 1990). In !WO maize genotypes differing 
in shoot Na+ concentration, the Na+ efflux rates from roots were the same 
(Schubert and Lauchli, 1990). The differences in shoot Na+ concentration 
between the two maize genotypes were attributed to differences in Na+ influx 
rates into roots. Another example of the limited significance of Na+ efflux from 
roots is that at high salinity the addition of oubain, which inhibits the Na+ efflux 
pump, did not increase the Na+ influx (Nassery and Baker, 1974). In contrast, 
oubain was effective at stimulating Na+ influx at low salt concentrations. The 
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conclusion that, at high salinities the Na+ efflux pump (active transport via 
carrier or pump described in Fig. 1.2) cannot contribute significantly to 
reducing the influx Na+ concentrations, highlights the need to understand the 
mechanism for Na+ influx. 
Sequestration of Na+ 
The amount of Na+ that reaches the xylem in roots may be reduced by 
the sequestration of Na+ in root cell vacuoles. As in the plasma membrane, a 
Na+/H+ antiport has also been shown to be present in the vacuole membrane. 
The difference between the antiport in the plasma membrane and the vacuole 
membrane is the direction of Na+ flux. Na+ flows into the vacuole via the 
vacuole membrane antiport, whereas Na+ flows out of the cell via the plasma 
membrane antiport. Using NMR, Fan et al. (1989) showed that the in vivo ~ 
activation of the vacuole membrane Na+/H+ antiport upon salinization was 
faster in a salt-tolerant than in a salt-sensitive barley cultivar. In addition, ATP 
levels were maintained in the salinized roots of the salt-tolerant barley, 
whereas ATP levels fell in the sensitive barley. ATP concentration may be 
important in the response to salinity as it has been shown to regulate other 
transporter systems (ion channels) in plant membranes (Hedrich et al., 1990). 
The Na+/H+ antiport system in the barley vacuole membrane appears to play a 
role in salt tolerance or at least in the response to salinity because its activity 
was induced by NaCl (Garbarino and DuPont, 1989). The Na+/H+ antiport in 
the vacuole membrane has been shown to be hJghly selective for Na+ in 
barley (Garbarino and DuPont, 1988) and Plantago (Staal et al., 1991 ). This 
appears to be the only Na+ specific transport system found in plants. 
The reabsorption of Na+ from the xylem stream may reduce the amount 
of Na+ that reaches the leaves. Some species possess specialized xylem 
parenchyma transfer cells that are characterized by invaginations in the 
plasma membrane and higher cytoplasmic contents. Transfer cells should 
have a large capability for ion transport because of the large surface area of 
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the plasma membrane. In Phaseolus, transfer cells may funct ion to reabsorb 
Na+ ions from the xylem (Kramer et al., 1977). In maize, xylem parenchyma 
cells were shown to have a higher Na+/K+ ratio than other cells in the cortex, 
stele or xylem (Yeo et al., 1977). Although the maize xylem parenchyma do 
not have the same morphological characteristics as transfer cells, their 
function to withdraw ions from the xylem may be similar. Xylem parenchyma 
cells or transfer cells may fill up quickly under saline conditions because of 
their limited capacity. When these cells are "full" they would no longer function 
to reduce the concentration of Na+ in the xylem stream unless they excreted 
the Na+ to other cells (Yeo and Flowers, 1986). 
After Na+ reaches the leaf it may be sequestered in the vacuole. 
Enzymes that are localized in the cytoplasm are in general sensitive to high 
-
Na+ concentrations (reviewed by Flowers et al., 1977). Therefore the 
sequestration of Na+ in the vacuole will protect the functioning of these 
enzymes. The transport of Na+ into the vacuole in the leaf might be via a 
Na+/H+ antiport as in the root. The compartmentation of Na+ into the vacuoles 
may also serve to maintain low apoplastic concentrations of Na+ by 
maintaining a low cytoplasmic concentrations. Since the volume of the 
apoplast is small, concentrations of Na+ may build up very quickly and cause 
leaf death by the dehydration of the protoplast (Munns and Passioura, 1984; 
Flowers et al., 1991 ). 
Growth and retranslocation 
Although the relation between growth and ion uptake will also be 
discussed in Chapter 3, some additional comments are included in this 
section. Cell expansion, ion uptake and cellular ion concentrations are 
related (Munns et al., 1983) according to the equation: 
ion concentration = net ion import/rate expansion 
This equation can be adapted for the expanding region of a leaf (Delane et al., 
1982). This equation predicts that higher growth rates would reduce Na+ leaf 
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tissue concentrations if the net ion import rate is constant. However, in some 
situations ion uptake and growth are balanced or co-regulated. The most 
elegant demonstration of the co-regulation between growth and Na+ uptake is 
that of Cheeseman and Wickens (1986) who measured relative growth rate 
and relative accumulation rate of Na+. They showed that, as growth rates 
increased or decreased, the rates of Na+ accumulation changed in the same 
direction as growth rates to maintain a constant concentration. Under saline 
conditions where growth is inevitably decreased it is possible that an 
imbalance between growth and ion uptake may occur. For example, in salt 
sensitive genotypes with high Na+ concentrations, ion uptake may not be 
down-regulated as growth decreases. 
Ion retranslocation via the phloem does not appear to be a significant 
strategy for maintaining low leaf Na+ concentrations. Lessani and Marschner 
(1978) showed that Na+ export via the phloem was inversely related to the salt 
tolerance of a species. Other studies have also shown that the phloem has a 
low Na+ transport capacity in salt-tolerant species. Phloem concentrations of 
Na+ were much lower in barley (Munns et al., 1986) than in lupin (Munns et 
al., 1988a) which was more salt-sensitive. Wolf et al. (1990) also measured 
very low Na+ concentrations in the phloem of salt treated barley. Rates of Na+ 
export in the phloem of barley have been calculated as being approximately 
10°/o of the rate of import via the xylem (Greenway et al., 1965; Munns et al. 
1986) 
Ion channels 
Ion channels in the plasma membrane 
Plasma membrane ion channels (Fig. 1.2) are considered to be 
important within the context of this review because they may be the pathway 
for Na+ influx into root cells at high salinity (Chapter 4). Ion channels may be 
important because they are amenable to genetic manipulation for two 
reasons. First, ion channels are generally single proteins and so could be 
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manipulated with either molecular biological or classical genetic techn iques. 
Second, the selectivity of ion channels has been shown to vary between 
organisms (as discussed below). Recent work suggests that ion channel 
selectivity may be controlled by single amino acids within the pore structure of 
the channel (Yool and Schwarz, 1991 ). An understanding of the structural 
components that control selectivity could eventually lead to the genetic 
engineering of these proteins to alter their selectivity. 
High resolution techniques have been developed to study single or 
multiple ion channels (Hamill et al., 1981 ). Characterization of ion channels in 
the plasma membrane of plant cells using the patch clamp technique requires 
cell walls to be completely digested with enzymes to gain access to the 
plasma membrane. A very tight seal between the membrane and pipette (at 
least several gigaohms) is required to detect the picoamp electrical currents 
that pass through the ion channels. This high resistance seal allows the study 
of ion channel proteins in response to various stimuli such as changes in light, 
membrane potential, second messengers and pharmacological agents. 
The ion channels in the plasma membrane of guard cells from Vicia 
faba have been extensively characterized {Schroeder et al., 1987; Schroeder, 
1988; Keller et al., 1989). Schroeder and Hedrich (1989) have described the 
cation and anion channels in guard cells and proposed an ion transport 
model. The movements of ions through channels in the plasma membrane 
and the vacuolar membrane cause diurnal turgor fluctuations of guard cells 
and rapid stomata! response to environmental change. Voltage and second 
messengers such as calcium regulate some of the channels in guard cell 
(Schroeder and Hagiwara, 1989). Stretching of the plasma membrane may 
regulate other channels in guard cells (Cosgrove and Hedrich, 1990). 
Ion channels exist in the plasma membranes of plant cells other than 
guard cells. The physiological significance of ion channels that have been 
described in other cells, with the exception of pulvinar cells (Moran et al., 
1988), is not well understood. Cation outward rectifier channels have been 
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found in the plasma membrane of cotyledonous cells (Terry et al., 1990), 
suspension culture cells (Schauf and Wilson, 1987; Ketchum et al., 1989) and 
in root cells (Chapter 4). The opening of the an ion channel that conducts 
cations out of the cell (cation outward rectifier) and the subsequent movement 
of positive charge out of the cytoplasm may be a mechanism for maintenance 
of polarized (i.e., highly negative) membrane potentials. An ion channel 
through which cations move into the cell (cation inward rectifier) has been 
identified in guard cells (Schroeder, 1988) and is also present in cotyledonous 
cells (B.R. Terry, pers. communication), suspension culture cells (Ketchum et 
al., 1989) and root cells (J.I. Schroeder, pers. communication). The inward 
rectifier may be of great physiological importance in root cells where it may be 
partially responsible for the uptake of K+ and Na+. 
Selectivity of ion channels 
The importance of ion channel selectivity should not be understated. In 
animal systems ion selectivity is essential for the function of nerves and 
muscle. Particular types of ion channels show a wide range of ion selectivity 
between organisms. For example the K+ versus Na+ selectivity of the cation 
outward rectifier varies between 14.5 in snail neurons (Reuter and Stevens, 
1980) and 100 in frog node (Hille, 1973). In plants, ion channel selectivity 
appears to vary between channels from different organs (see discussion 
Chapter 4). The selectivity of these ion channels may vary between plant 
species or even within plant species. 
A molecular basis for ion uptake and transport 
In the last ten years a large effort has been made to identify and clone 
genes coding for voltage-sensitive K+, Ca2+ and Na+ selective ion channels in 
animal systems (Jan and Jan, 1989). A Na+ channel protein was purified from 
Electrophorus electricus, and a cDNA was isolated using antibodies and 
degenerate oligonucleotide probes (Noda et al., 1984). A potassium channel 
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gene was isolated using Shaker mutants in Drosophila and chromosome 
walking (Papazian et al., 1987). More recently, an outward rectifier type 
potassium channel (similar to the one described in Chapter 4) was isolated 
from rat brain by the functional expression of total mRNA in oocytes from 
Xenopus laevis (Frech et al., 1989). The oocyte system was used to translate 
ion channel mRNA. Following the incorporation of the protein into the plasma 
membrane of the oocyte, it was possible to study the functional properties of 
the ion channel and to determine the channel's "electrical signature". 
Evolutionary models of ion channels have been suggested (Hille, 1984; 
Franciolini and Petris, 1989). K+ channels are found in a number of different 
organisms from different sections of the proposed phylogenetic tree. Plants 
have at least two different types of voltage activated K+ channels (inward and 
.: 
outward rectifiers). Time course analyses of K+ channel currents in higher 
plant cells (Schroeder, 1989) show similar properties to K+ channels in algae 
and heart muscle. Little is currently known about the genes coding for ion 
channels in plant membranes or the molecular structure of ion channel 
proteins in plants (Sussman and Harper, 1989). Genes for a H+-ATPase, 
another important membrane bound transport protein, have recently been 
isolated from Arabidopsis and tobacco using DNA sequences from highly 
conserved regions of the protein (Boutry et al., 1989; Harper et al., 1989; 
Pardo and Serrano, 1989). There have been no reports to date of the 
isolation of ion channel genes in plants. In Chapter 6 results are presented 
that indicate an ion channel gene similar to one found in Drosophila (Tempel 
et al., 1987) is present in the genome of Triticum tauschii. The 
electrophysiological similarities between ion channels from different 
organisms, past experience with ATPase proteins and the results in Chapter 6 
indicate that it may be possible to isolate ion channel genes using sequence 
information from other organisms and the polymerase chain reaction (PCR). 
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Genetics of salt tolerance 
Salt tolerance in natural populations 
Evolutionary geneticists have focused mainly on plant populations. 
Their studies consistently demonstrated there is a genetic component to salt 
tolerance. Unfortunately much of this work has measured salt tolerance in 
terms of root growth which may not be a good indicator of salt tolerance, as 
mentioned earlier. These studies on species such as Trifolium repens (Ab-
Shukor et al., 1988), Agrostis stolonifera (Kik, 1989), and a range of pasture 
grasses (Venables and Wilkins, 1978) showed that populations collected from 
saline soils have faster rates of root growth under glasshouse trials than 
populations collected from non-saline soils. These reports suggest that 
populations can evolve tolerance to saline soils and they also identify 
;:. 
germplasm for improving the salt toferance of cultivated species. 
Chromosome identification 
Cytogeneticists have used crosses between wild species and wheat, or 
barley addition lines, to understand the genetic basis of salt tolerance. Two 
salt-tolerant wild grass species, Thinopyrum besserabicum (syn. Agropyron 
junceum) and Lophopyrum elongatum (syn. Agropyron elongatum), have 
been hybridized with wheat. Dvorak and Ross (1986) and Forster et al. (1987) 
have shown that the salt tolerance of Triticum aestivum cv. Chinese Spring 
was enhanced by the addition of an entire genome from either of the above 
wild species. To determine the number of chrom_osomes that enhance salt 
tolerance, Chinese Spring lines were used that contained a double dose of 
each individual chromosome from the wild species. Gene(s) for salt tolerance 
appear to be located on the group 5 chromosomes in Thinopyrum 
besserabicum (Forster et al., 1988); whereas there are at least three major 
genes located on group 3,4 and 7 chromosomes in Lophopyrum elongatum 
(Dvorak et al., 1988). The agronomic significance of salt tolerance from the 
group 5 chromosomes from T. besserabicum is questionable because the 
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'Chinese Spring' line containing that chromosome yielded an average of 14 
seeds per plant with seeds of 5.9 mg, when grown in NaCl (Forster et al., 
1988). Although the raw data are not given for the L. elongatum work, the 
group 3,4 and 7 salt-tolerant addition lines when grown in NaCl yielded less 
than 100 mg of seed per plant. More work is needed to demonstrate 
convincingly the agronomic significance of these cytogenetic studies. 
Disomic chromosome addition lines of Hordeum vulgare and H. 
chilense were also used to locate salt tolerance to specific chromosomes 
(Forster et al., 1990). These lines were difficult to compare because they 
differed widely in vigor and potential yield under non-saline conditions. 
However, statistical techniques were used to test for interactions between 
genotype and salt concentration. It was shown that group 4 and 5 
chromosomes from H. vulgare and group 1, 4 and 5 from H. chilense 
enhance the salt tolerance of T. aestivum. Research using cytogenetic stocks 
suggests that group 1,3,4,5, and 7 chromosomes may carry genes that 
enhance the salt tolerance of wheat. The multiple chromosome locations 
within and between these studies may be due to the different species used or 
due to the quantitative inheritance of salt tolerance. 
Heritability estimates 
The heritability of salt tolerance in crop plants has been measured in 
many studies on several crops. In rice , the ratio of the additive genetic 
variance to the phenotypic variance (narrow sense heritability), was estimated 
to be 0.4 for F3 lines and 0.6 for F 4 lines (Moeljopawiro and lkehashi, 1980). 
This was a relatively high narrow sense heritability. In sorghum the narrow 
sense heritability differed according to salinity level. At 
100 mol m-3 NaCl the heritability was 0.5, whereas it was 0.2 at 150 mol m-3 
NaCl (Azhar and McNeilly, 1988). In Medicago sativa narrow sense 
heritability varied according to how salt tolerance was defined. Using a 
definition that encompassed several variables the narrow sense heritability 
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was about 0.4, whereas when salt tolerance was defined in terms of leaf 
damage the heritability was about 0.5 (Noble et al., 1984). In four grass 
species narrow sense heritability was estimated to be between 0.3 - 0.5 
(Ashraf et al., 1986). 
The heritability of leaf Na+ concentration was measured in tomato 
under potassium deficiency (0.07 mol m-3 K+ and 4 mol m-3 NaCl). Narrow 
sense heritability estimates were very high, between 0.65 and 1.15 (Figdore et 
al., 1989). In rice, the broad sense heritability for Na+ concentration in shoots 
was also very high, about 0.7 (Akbar et al., 1986). In general, the heritability 
estimates show that selection for salt tolerance and a low leaf Na+ 
concentration should result in increased salt tolerance. The higher values of 
narrow sense heritability also suggest that additive factors may contribute to 
salt tolerance. 
Mode of inheritance 
Inheritance can be due to a single gene or to several genes. One of the 
first reports of the genetics of salt tolerance revealed a single dominant gene 
in soybeans (Abel, 1969). Visual assessment provided a qualitative measure 
of leaf Cl- concentration because leaf necrosis was shown to be a result of 
high leaf Cl- concentration. Yield (salt tolerance) was also lower in plants with 
greater amounts of leaf injury. Another report of a single gene coding for salt 
tolerance comes from work with a fern species. In the fern Ceratopteris 
richardii, mutants were selected that were toleraQt to NaCl. Subsequent 
genetic analysis showed that the increased salt tolerance of the mutants was 
due to the action of a single gene (Warne and Hickok, 1987). 
Although perennial crops may not be comparable to annual crops, the 
lack of data on crop plants has prompted the inclusion of these studies. In 
grapevines high chloride concentrations (in the petiole) have been associated 
with salt sensitivity (Sykes and Newman, 1987). Therefore, reducing the 
chloride concentration in petioles and leaves has been a breeding goal used 
to increase the salt tolerance of grapevines. Under vineyard conditions in the 
cross Vitis berlandieri and V. vinifera, variation in leaf chloride concentrations 
suggested a single dominant gene was controlling that trait (Newman and 
Antcliff, 1984). Further work done on the V. berlandieri and V. vinifera cross 
under glasshouse conditions also showed that in 3 out of 4 crosses the 
inheritance was due to a single gene (Sykes, 1987). Work on a second cross 
V. champini and V. vinifera showed that under vineyard conditions, petiole Cl-
concentrations were inherited in a quantitative manner (Sykes, 1985). These 
studies showed that chloride concentration was a heritable trait in grapevines 
and that the number of genes controlling this trait may be dependent on the 
cultivars that were selected as parents (Sykes and Newman, 1987). 
Multiple genes have been suggested by a few studies that have been 
done on crop plants. The genetic analysis of salt tolerance during germination 
showed that F2 populations did not segregate into two distinct classes, 
therefore the mode of inheritance was assumed to be quantitative (Fooland 
and Jones, 1991 ). In rice, selected lines were intercrossed in all possible 
combinations (diallel analysis) to determine the inheritance of several 
characters that were related to salt tolerance in the seedling and later phases 
of growth (Akbar et al., 1986). At least three groups of genes appear to be 
coding for the inheritance of Na+ concentrations in the shoots of rice. 
This chapter set out the rationale for this thesis, the aims and has 
reviewed selected topics that pertain to this thesi?. Imperfect correlations have 
been shown between Na+ concentrations and salt tolerance. One aim of this 
thesis was to confirm the correlation between Na+ accumulation and salt 
tolerance. The rate of ion accumulation in leaves can be affected merely by 
leaf expansion so another aim of this thesis was to determine whether leaf 
expansion determines genotypic differences in accumulation rates. Many 
studies on Na+ influx and efflux have been done, but none have directly 
determined the selectivity of a particular transport molecule through which Na+ 
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may move across membranes. A third aim of this thesis was to determine the 
K+/Na+ selectivity of a membrane bound ion transport protein in genotypes 
that differ in salt tolerance. Genetic data on salt tolerance is scarce and 
therefore it is difficult to conclude that single genes or multiple genes 
determine salt tolerance. The final aim of this thesis was to determine the 
location and number of genes on the D genome that may confer salt tolerance 
and a low rate of Na+ accumulation to hexaploid wheat. 
,: 
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CHAPTER 2 
Variation in sodium exclusion and salt tolerance in Triticum 
tauschii 
Abstract 
Variation in salt tolerance of wild populations of Triticum tauschii 
(Coss.) Schmal. (donor of the D genome to hexaploid wheat) was surveyed, 
with the aim of improving the salt tolerance of modern bread wheat and 
selecting accessions for physiology and genetic studies. A collection of 415 T. 
tauschii accessions was screened for Na+ concentration in the most recent 
fully expanded leaf, as an indicator of salt tolerance. Experiments were 
conducted under greenhouse conditions using gravel culture and nutrient 
solutions with 150 mol m-3 NaCl and 1 O mol m-3 Ca2+_ A subsequent growth 
experiment measured the relative salt tolerance of ten accessions of T. 
tauschii selected for high and low leaf Na+ concentrations. Salt tolerance was 
measured as relative biomass under saline as compared with control 
conditions. Two accessions were highly salt-tolerant and two were highly salt-
sensitive. Two wheat cultivars of known salt tolerance were also tested as 
standards: salt-tolerant T. aestivum L. cv. Kharchia and salt-sensitive T. 
turgidum L. cv. Modoc. The salt tolerance of the two most tolerant T. tauschii 
accessions exceeded that of the salt-tolerant wheat standard. The salt 
sensitivity of the two most sensitive T. tauschii accessions equaled that of the 
salt-sensitive wheat standard. Leaf Na+ concent!ations in the screening and 
growth experiments were negatively correlated with the relative biomass in the 
growth experiment. This screening has identified highly salt-tolerant T. 
tauschii accessions that may be useful for improving the salt tolerance of 
bread wheat. 
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Introduction 
Sodium exclusion from leaves may be the mechanism of salt tolerance 
in cereals. The degree of salt tolerance in species such as rice ( Oryza sativa 
L.) (Flowers and Yeo, 1981 ), barley (Hordeum spp. L.) (Greenway, 1962) and 
wheat (Triticum aestivum L.) (Torres Bernal et al., 1974) correlates inversely 
with Na+ and in some studies Cl- concentrations in leaves. In wheat, the D 
genome may contain genes that confer higher salt tolerance to bread wheat 
by limiting the accumulation of Na+ in the leaves. Comparisons of hexaploid 
wheat and accessions of various diploid and tetraploid wheat relatives show 
that the presence of the D genome is associated with salt tolerance and 
selectivity of K+ over Na+ (Shah et al., 1987). Using disomic substitution and 
aneuploid lines of wheat, Gorham et al. (1987) found that the 4D chromosome 
is important in cation selectivity. 
Triticum tauschii (syn. Aegilops squarrosa L.), the donor of the D 
genome to hexaploid wheat (McFadden and Sears, 1946), is a potentially rich 
source of variation for agronomically important traits (Appals and Lagudah, 
1990). It is the most widely distributed progenitor of hexaploid wheat having a 
geographical range from Turkey to China (Kihara et al., 1965). Low genetic 
diversity of the D genome of hexaploid wheat is probable, because few 
populations of T. tauschii are believed to be involved in the cross that 
generated hexaploid wheat (Konarev et al., 1979; Lagudah and Halloran, 
1989). Salt-tolerant accessions of T. tauschii may therefore represent new 
sources of germplasm to enhance the salt toleran~e of wheat. 
An extensive survey of the variation for salt tolerance and Na+ 
concentrations within the widely distributed populations of the D genome has 
not been reported. Farooq et al. (1989) found variation in the survival of 55 
accessions of T. tauschii when grown under highly saline conditions. Gorham 
(1990) reported variation in leaf Na+ concentrations within T. tauschii. The 
data in this chapter report on the variation that exists within a collection of 415 
T. tauschii accessions in Na+ concentrations in the most recent fully expanded 
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leaf in plants grown at 150 mol m-3 NaCl. Selected accessions were 
subsequently grown under saline and non-saline conditions to test their salt 
tolerance. Two wheat cultivars with known response to salinity were included 
in the screening and growth experiments. Salt tolerance in this study is 
defined as biomass under saline conditions relative to biomass under non-
saline conditions. 
Materials and methods 
Plant material 
A collection of 415 accessions of T. tauschii was used in this study from 
the Australian Cereals Collection; Kyoto University, Japan; USDA, Beltsville, 
Md.; and from University of California, Riverside, CA. Seed from these 
collections were increased in Canberra, A.C.T. and then used for screening 
and growth experiments. The accessions originated from Afghanistan, 
Pakistan, USSR, Turkey, and Iran. The subspecies and varietal composition 
(Eig, 1929) of the collection was: 54°/o subsp. eusquarrosa var. typica L., 25°/o 
subsp. intermediate varietal types (intermediate referring to crosses between 
subspecies), 11 °/o subsp. strangulata Eig and 10°/o subsp. eusquarrosa var. 
meyeri Griseb (E.S. Lagudah, pers comm.). The salt-tolerant T. aestivum cv. 
Kharchia (Pl 322280) (Kingsbury and Epstein, 1984; Rawson et al., 1988b) 
and the salt-sensitive T. turgidum cv. Modoc (Richards et al., 1987; Rawson et 
al., 1988b) were grown as standards. 
Screening experiment 
Seeds were surface-sterilized in 1 °/o sodium hypochlorite for 30 min, 
rinsed and then imbibed in water at 40c for 96 h. Seeds were then planted 
into 8.5 by 16 cm pots containing gravel of 5 -10 mm in diameter. Seedlings 
were thinned to 3 plants per pot (2 pots per accession). One replicate pot for 
each genotype was assigned to 2 of 8 plastic-lined metal 60 L tanks (Plate 
2.1 A). For the first week seeds were sprinkled with tap water several times a 
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day. Pots were covered between watering with aluminum insulation to keep 
seeds moist. 
At emergence an automatic sub-irrigation system was started, watering 
once every 60 min for 9 min (Plate 2.1 B). Nutrients equivalent to one quarter 
concentration Hoagland solution (Hoagland and Arnon, 1938) were added 
every other day so that the solution reached full concentration in 7 d. When 
the second leaf was fully expanded (8-10 d after emergence) NaCl was added 
to the nutrient solution in daily increments of 25 mol m-3 to a final 
concentration of 150 mol m-3. Six mol m-3 CaCl2 was added to the Hoagland 
solution that contained 4 mol m-3 Ca2+ to provide an overall molar Na:Ca ratio 
of 15. Nutrient solutions were changed weekly and the electrical conductivity 
was maintained at about 17 dS m-1 and checked against standards. 
Glasshouse temperatures were 21 oc during the day and 150c at night. A 
total PAR of 460 moles m-2 accumulated during the experiment. 
Before the salt was applied the length (L) and width (W) of leaf 2 was 
measured, to obtain an index (index = L x W) of leaf area under control 
conditions. Because the leaf shapes of the accessions differed, the relation 
between the index and the actual area differed, but as this relation could be 
determined only by destructive harvest, an index rather than an actual area 
was used. Plants were harvested 26 d after emergence. Signs of salt stress 
(i.e., death of the oldest leaves) were obvious by this stage. At harvest the 
most recent fully expanded laminae (of leaf 4 or 5) on the main stems of the 
three plants in each pot were combined, oven dri.ed at 70°C, extracted in 500 
mol m-3 HCI (Hunt, 1982) and analyzed for Na+ with an atomic absorption 
spectrophotometer (Varian Spectra AA - 20). There were two replicate 
analyses for each accession (2 pots per accession) representing a total of 6 
leaves. 
A 
B 
Plate 2.1 Hydroponic tanks were used to grow Triticum tauschii accessions 
under saline conditions. A) Four plastic lined metal tanks with seedlings 
growing in gravel filled plastic pots. B) Plastic lined metal drums contained the 
nutrient solutions. A small pump on the glasshouse floor was initiated by a 
timer and the tanks above were flooded with nutrient solution for 6-1 O minutes. 
Growth experiment 
Ten accessions (some shown in Plate 2.2) were chosen from results of 
the screening experiment (Appendix 2.1) and a preliminary growth experiment 
(Appendix 2.2). The accessions were chosen on the basis of Na+ 
concentrations in the most recent fully expanded leaf and the index of Leaf-2 
area (as an indicator of plant biomass under non-saline conditions). Planting 
and addition of NaCl followed the protocol used in the screening experiment 
except that seedlings were thinned to one plant per pot. Two salinity levels 
were used, 150 mol m-3 NaCl and 1 mol m-3 NaCl (control). The two 
treatments were arranged in six tanks with three tanks per treatment. Tank 
capacity was 60 L. Electrical conductivity was monitored twice weekly and 
adjusted by replacing water that evaporated from tanks and transpired from 
plants. 
Glasshouse temperatures were maintained at 21 oc during the day and 
1 soc at night. The relative humidity during the day was approximately 45°/o. 
At the fifth leaf stage (approximately 25 d after emergence) three plants were 
harvested and the most recent expanded leaf from these plants was analyzed 
for Na+ as described above. This developmental stage corresponded to that 
at which plants were harvested in the screening experiment. A total of 1050 
mol m-2 of PAR accumulated during the 45 days from emergence to final 
harvest. At the final harvest, nine plants of each genotype were harvested 
from three salinized tanks and from three control tanks. Plants were 
separated into roots, shoots and leaves, dried an_d weighed. Plants were still 
vegetative; no floral initiation occurred because the plants had not been 
vernalized. 
Statistical Analysis 
Statsview II (Abacus Concepts Inc., Berkeley, CA) and Genstat 5 
(Numerical Algorithms Group Ltd., Oxford, UK) were used to generate means 
and to perform analyses of variance. The analysis of variance on relative dry 
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weight was performed separately for the two sal inity levels. A standard error 
for the biomass ratio was calculated using formula 10.1.7 from Kendall and 
Stuart (1969). 
Results 
In the screening experiment the Na+ concentrations in the most recent 
fully expanded leaves of 415 T. tauschii accessions were measured. Plants 
were 26 days old and had been growing in 150 mol m-3 NaCl for 16 days. 
Na+ concentrations varied 14-fold from 0.21 to 2.95 mmol g-1 OW (Fig. 2.1, 
Appendix 2.1 ). The distribution of accessions was skewed towards the lower 
Na+ values, with a mean of 0.87 mmol g-1 OW. Analysis of variance showed 
that there were significant differences (P < 0.001) between accessions in the 
mean Na+ concentration in the most recent expanded leaf. Two cultivars, the 
salt-tolerant bread wheat 'Kharchia' and the salt-sensitive tetraploid wheat 
'Modoc', were used as standards. 'Kharchia' had low (0.3 mmol g-1 OW) and 
'Modoc' had high (1.5 mmol g-1 OW) Na+ concentrations in the most recent 
expanded leaf. 
Analysis of variance was performed on the mean Na+ concentrations in 
the most recent expanded leaf of each of the 415 accessions according to 
subspecies. The analysis showed there were highly significant differences 
between the three subspecies of T. tauschii (P < 0.01 ). The subspecies 
eusquarrosa var. typica had the lowest mean Na+ concentration in the recently 
expanded leaf and strangulata the highest (Tabl~ 2.1 ). The trend was also the 
same for the accessions collected from Iran, i.e. eusquarrosa var. typica had 
lower Na+ concentrations in the recently expanded leaf than strangulata. No 
trends were found between Na+ concentration and country of origin. 
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Plate 2.2 Spikes from Triticum tauschii accessions that were tested for salt 
tolerance. A) CPI 110664 is a cross between subsp. eusquarrosa var. meyeri 
and strangulata; CPI 110777 CPI 110813 and CPI 110835 are from subsp. 
eusquarrosa yar. typica; CPI 110791 subsp. strangulata. B) The F1 hybrid and 
the two parental accessions that were crossed to produce this hybrid. 
Table 2.1 Mean Na+ concentration of the most recent expanded leaf in different subspecies of 
Triticum tauschii grown in 150 mol m-3 NaCl according to county of origin. Number of 
accessions are shown in parentheses. The geographic distribution of some subspecies is 
limited; subspecies strangulata occurs only in Iran and eusquarrosa var. meyeri occurs only in 
Iran and the USSR. 
Na+ concentration (mmol g-1 OW) 
Country of eusquarrosa eusquarrosa strangulata intermediate 
Origin var. t't.eJca var. me't,,eri 
Iran 0.80 ± 0.05 (42)A 1.02 ± 0.09 (18) 1.25 ± 0.09 (36) 0.64 ± 0.06 (15) 
Afghanistan 0. 75 ± 0.03 (91) 1.36 ± 0.16 (2) 
USSR 0.81 ± 0.05 (50) 0.76 ± 0.06 (21) 0.96 ± 0.08 (27) 
Turkey 0.89 ± 0.09 (22) 0.78 ± 0.07 (4) 
Pakistan 0.64 ± 0.07 (9) 
Accessions 0.79b8 0.88b 1.3a 0.86b 
from all 
locations 
A Mean ± standard error 
,: 
BMeans followed by different letters are significantly different at LSD = 0.05. Accessions from 
unknown locations were included in these overall means. 
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Figure 2.1 Sodium concentrations in the most recent fully expanded leaf of 415 Triticum tauschii 
accessions in 150 mol m-3 NaCl. 
Accessions to be used in the subsequent growth experiment were 
selected for high and low leaf Na+ concentration and for high and low index of 
Leaf-2 area (described in methods). This index has been used as a predictor 
of the plant biomass (Rawson et al., 1988b) at a low salt level. This index and 
Na+ concentration data were used to select plants with high and low biomass, 
and high and low Na+ in the most recent expanded leaf. For example CPI 
110664 had a large index of Leaf-2 area and a low Na+ concentration in the 
recently expanded leaf. In contrast CPI 110835 had a small index of Leaf-2 
area and a low Na+ concentration in the most recently expanded leaf. 
Selection of plants that vary in biomass was made because low plant vigor in 
non-saline conditions would mean low vigor in saline conditions. Low vigor in 
saline conditions might lead to a build up of Na+ concentrations in leaves if the 
net ion import rate is constant or is higher than the growth rate. Five of six 
accessions selected for low Na+ concentration were subspecies eusquarrosa 
var. typica, whereas none of the accessions selected for high Na+ 
concentrations were from this subspecies (Table 2.2). Two of the four 
accessions selected for high Na+ concentration were from subspecies 
strangulata. 
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Table 2.2 Screening Experiment 
The approximate location or source of the subspecies and varietal type, Na+ concentration in 
the most recent fully expanded leaf and the index of leaf area (Leaf-2) of selected T. tauschii 
accessions, a tetraploid and a hexaploid wheat cultivar grown in 150 mol m-3 NaCl. Accessions 
and cultivars are ranked in ascending order based on Na+ concentrations. 
Accession Location Subspecies Na+ (mmol·g -1 OW) 
T. tauschii 
CPI 110813A 
(KU 2105)8 
T. tauschii 
CPI 110777 
(KU 2064) 
T. tauschii 
CPI 110855 
(KU 2154) 
T. tauschii 
CPI 110756 
(KU 2043) 
T. aestlvum 
cv. Kharchla 
T. tauschii 
CPI 110664 
(TA 1667)0 
T. tauschii 
CPI 110835 
(KU 2133) 
T. turgldum 
cv. Modoc 
T. tauschii 
CPI 110791 
(KU 2080) 
T. tauschii 
CPI 110605 
(TA 1577) 
T. tauschii 
CPI 110649 
(TA 1649) 
T. tauschii 
AUS 18905 
(Cl 17)E 
LSD (0.05) 
Pahlavi, 
Iran 
Maimana, 
Afghanistan 
Qazin, 
Iran 
Andkhui, 
Afghanistan 
India 
USSR 
Turkey 
Canada 
Gargan, 
Iran 
China 
unknown 
Iran 
Acommonwealth Plant Introduction 
BKyoto University, Japan 
eusquarrosa 
var. typica 
eusquarrosa 
var. typica 
eusquarrosa 
var. typica 
eusquarrosa 
var. typica 
intermediate 
eusquarrosa 
var. typica 
strangulata 
intermediate 
eusquarrosa 
var. meyeri 
strangulata 
Cnot measured in this experiment 
D University of California, Riverside, USA 
EuSDA - Beltsville, MD. USA 
0.21 
0 .24 
0.25 
0.30 
0.31 
0.44 
0.48 
1.49 
1.63 
1.67 
2.14 
2.96 
0.87 
Index Leaf-2 
area (crn2) 
6.08 
5.18 
3.29 
4.80 
C 
7.28 
3.43 
C 
4.94 
4 .35 
3.37 
2.97 
0.77 
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The growth experiment showed that two T. tauschii accessions (CPI 
110664 and CPI 110835) were highly salt-tolerant based on relative biomass 
(the ratio of biomass at 150 mol m-3 NaCl to biomass at 1 mol m-3 NaCl) of 
40°/o (Fig. 2.2, Table 2.3, Plate 2.2A) . These accessions maintained low Na+ 
concentrations in the most recent fully expanded leaf in the growth experiment 
(Table 2.3) and the screening experiment (Table 2.2). There were significant 
differences (P < 0.05) in dry weights of these accessions under control 
conditions; CPI 110664 being one of the largest and CPI 110835 one of the 
smallest plants selected. The index of leaf area (Leaf-2) measured in the 
screening experiment, used to select these accessions, was correlated (P = 
0.058, r2 = 0.36) with the final biomass measured in the growth experiment 
under non-saline conditions. Two T. tauschii accessions, CPI 110664 and CPI 
110835, were more salt-tolerant based on relative biomass than the salt-
,: 
tolerant standard, T. aestivum cv. Kharchia. 
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Figure 2.2 Relative biomass± standard error (plant dry weight including dead plants in 150 mol 
m-3 NaCl as a percentage of plant dry weight in 1 mol m-3 NaCl) for ten Triticum tauschii 
accessions, T. aestivum cv. Kharchia and T. turgidum cv. Modoc. 
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Table 2.3 Growth Experiment 
Relative biomass (plant dry weight including dead plants in 150 mol m-3 NaCl as a percentage of 
plant dry weight in 1 mo! m-3 NaCl) , dead plants at 150 mo! m-3 NaCl, total dry weight under 
control conditions (1 mo! m-3 NaCl), Na+ concentrations in the most recent fully expanded leaf 
of plants grown in 150 mo! m-3 NaCl. Relative biomass, biomass of controls, and Na+ 
concentrations are the mean of nine plants for each T. tauschii accession and the mean of six 
plants for Kharchia and six plants for Modoc. The accessions and cultivars are ranked in 
descending order based on relative biomass. 
Accession Relative biomass Dead plants Dry weight Na+ (mmol g-1 DW) 
(O/o) controls (g) 
T. tauschii 40±3 0 10.3 0.32 
CPI 110664 
T. tauschii 40± 7 0 4.5 0.44 
CPI 110835 
T. aestivum 30 ± 1 0 24 .7 0.37 
cv. Kharchia 
T. tauschii 30 ±4 0 8.2 0.30 
CPI 110756 
T. tauschii 27 ±6 1 4.9 0.91 
CPI 110649 
T. tauschii 27 ±4 0 7 .2 1.07 
CPI 110813 
T. tauschii 26±5 3 5.9 0.73 
CPI 110777 
T. tauschii 25 ±5 0 6 .3 1.37 
CPI 110605 
T. tauschii 23±6 0 5.0 A 
CPI 110855 
T. tauschii 12 ±4 5 8.2 2.70 
AUS 18905 
T. tauschii 12 ±3 6 10.2 0.76 
CPI 110791 
T. turgidum 9+4 4 - 13.7 1.34 
cv. Modoc 
LSD (0.05) 1.4 0.75 
Anot measured 
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Two T. tauschii accessions, CPI 110791 and AUS 18905, were 
considered to be highly salt-sensitive based on a relative biomass of 12°/o 
(Fig. 2.2, Table 2.3, Plate 2.2A, 8). The Na+ concentrations in the most recent 
fully expanded leaf of these accessions were higher than those of the salt-
tolerant accessions, but only that of AUS 18905 was significantly higher (P < 
0.05). The very high Na+ concentration measured in AUS 18905 will be 
discussed in Chapter 3. The salt sensitivity or the high Na+ concentration of 
these accessions cannot be related to poor vigor; biomass under non-saline 
conditions was as high as or higher than the two salt-tolerant accessions. At 
the final harvest about 60°/o of CPI 110791 and AUS 18905 plants were dead 
(Table 2.3). The salt-sensitive control, T. turgidum cv. Modoc, was as sensitive 
as the two most sensitive T. tauschii accessions (Fig . 2.2, Table 2.3) . 
-
The remaining selected accessions were considered to be intermediate 
in salt tolerance, with relative biomass values ranging from 23 to 30o/o of 
control dry weight. These accessions (except CPI 110756) had higher Na+ 
concentrations in the recently expanded leaf than the salt-tolerant accessions 
and lower Na+ concentrations than the salt-sensitive AUS 18905 (Table 2.3) . 
The overall ranking of accessions based on Na+ concentrations in the 
screening experiment (Table 2.2) and relative biomass in the growth 
experiment (Fig. 2.2, Table 2.3) was different; however in both experiments the 
two most tolerant (CPI 110664 and CPI 110835) were significantly lower in 
Na+ and significantly higher in relative biomass than the two most sensitive 
accessions (CPI 110791 and AUS 18905). There was a negative correlation 
between the Na+ concentrations in the screening experiment and relative 
biomass in the growth experiment (P = 0.03, r2 = 0.38) . The correlation 
between Na+ values and relative biomass within the growth experiment was 
significant (P = 0.02, r2 = 0.46). 
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Discussion 
The concentration of Na+ and Cl- ions in leaves is negatively correlated 
with salt tolerance of different genotypes within many species. In this study the 
Na+ concentration in the most recent fully expanded leaf was used to select 
salt-tolerant and salt-sensitive T. tauschii accessions after 16 d of growth in 
NaCl. Further testing of ten accessions selected on the basis of leaf Na+ 
concentration identified two highly salt-tolerant and two highly salt-sensitive 
accessions. Yeo et al. (1990) also demonstrated that Na+ concentrations 
distinguished the most tolerant and sensitive rice accessions they tested; 
however they used survival rather than relative biomass as an index of salt 
tolerance. Other studies have found a negative correlation between Cl-
concentrations in leaf tissue and salt tolerance (Greenway, 1962; Abel and 
-
Mackenzie, 1964; Noble et al., 1984). 
The accessions of T. tauschii used in this study show a wide range of 
variation for salt tolerance, at least as wide as between tetraploid ('Modoc') 
and hexaploid ('Kharchia') wheat. Variation for salt tolerance may also be 
present within accessions of T. tauschii. For example CPI 110777 was 
intermediate in tolerance, but three out of nine plants did not survive to the 
harvest. In rice, variation for salt tolerance was found within elite cultivars 
(Yeo et al., 1988). The individuals in the two most divergent T. tauschii 
accessions appear to be similar in their responses to salinity, but to confirm 
this further tests with larger numbers of plants must be completed. 
The accessions CPI 110664 and CPI 110?91 were equally vigorous 
under control conditions (i.e., similar in final biomass at harvest) but were 
highly divergent in their salt tolerance. This indicates that salt tolerance per se 
is under genetic control and is not merely due to high growth potential. 
'Kharchia', the most vigorous genotype tested, had a high index of Leaf-2 area 
(9.3 cm2, measured in another experiment), and yielded the largest final 
biomass under saline as well as control conditions. Although the two T. 
tauschii accessions CPI 110664 and CPI 110835 were much less vigorous 
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than 'Kharchia' and so had a lower final biomass under saline conditions, they 
were more tolerant on the basis of relative biomass. Others have 
demonstrated that biomass under saline conditions correlates with biomass 
under non-saline conditions (Rawson et al., 1988b; Kapulnik et al., 1989), 
implying that selection for biomass under saline conditions can proceed on 
the basis of plant biomass in non-saline conditions. Our results with CPI 
110664 and CPI 110791 suggest that this strategy may not lead to selection of 
the most salt tolerant cultivars. Selection for high vigor in non-saline 
conditions, followed by selection for salt tolerance in saline conditions may be 
the best strategy for the development of salt-tolerant high yielding cultivars 
(Richards et al., 1987). 
In this study Na+ concentrations in leaves did not accurately predict the 
salt tolerance of all the accessions. - Subsequent growth experiments were 
necessary to confirm the tolerance levels of the selected accessions. 
Selection based on the Na+ concentrations in the most recent fully expanded 
leaf might be improved if all leaves were harvested about 3 - 6 d (see Fig . 3.2) 
after full expansion. In the present experiment, plants were harvested 
simultaneously and the most recent fully expanded leaf may have been 
expanded for between 1 to 5 d. The onset of leaf death may be the simplest 
method of selection. In this study the most sensitive accessions could be 
identified on the basis of plant survival. Selection of tolerant lines is more 
difficult, but in general leaf death occurred more slowly in the more tolerant 
access10 ns. 
Others workers have shown that the presence of the D genome in 
hexaploid wheat results in lower leaf Na+ concentrations and may be 
responsible for the greater salt tolerance of hexaploid than tetraploid wheat 
(Gorham et al., 1987; Shah et al., 1987; Gorham et al., 1990). This study has 
identified accessions of T. tauschii that are more salt-tolerant than one of the 
most tolerant wheats ('Kharchia'). The D genome in bread wheat was 
contributed by Triticum tauschii subsp. strangulata (Konarev et al. , 1979; 
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Jaaska, 1981; Watanabe, 1983). In this study, the accessions of T.tauschii 
subsp. strangulata had higher mean Na+ concentrations in the recently 
expanded leaf than subsp. eusquarrosa. It appears therefore that accessions 
from T. tauschii subsp. eusquarrosa may carry new genes or alleles that will 
further enhance the salt tolerance of bread wheat. There are other potential 
sources of genes for the improvement of salt tolerance in bread wheat. 
Dvorak et al. (1988) identified several chromosomes in Lophopyrum 
elongatum Love (tall wheatgrass) and Forster et al. (1988) identified one 
chromosome in Thinopyrum bessarabicum (Savil. and Rayss) Love (crested 
wheatgrass) that enhanced the salt tolerance of bread wheat. However, T. 
tauschii may be a more agronomically useful source of germplasm for salt 
tolerance because it recombines with the D genome of hexaploid wheat 
(Kimber and Zhao, 1983). 
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Chapter 3 
Sodium accumulation in leaves of Triticum species that differ in 
salt tolerance 
Abstract 
The ability to limit the rate of Na+ accumulation in leaves may be an 
important mechanism in salt tolerance because excessive leaf Na+ 
concentrations causes the premature senescence of leaves. The objectives of 
this study were to test the importance of Na+ accumulation rates in determining 
salt tolerance and to determine whether the observed genotypic differences in 
leaf Na+ accumulation rates are linked to leaf expansion. Salt-sensitive and 
salt-tolerant genotypes of Triticum tauschii (Coss.) Schmal., T. aestivum L. and 
;:. 
T. turgidum L. were grown in 150 mol m-3 NaCl and harvested at regular 
intervals over approximately 3 weeks. Na+ concentrations and leaf growth 
were measured in individual leaves over this time. The initial rate of Na+ 
uptake was lower during both the expanding and fully expanded phase in 
leaves of the salt-tolerant genotypes. Leaf longevity was greater in the salt-
tolerant genotypes. The maximum leaf Na+ concentration in one salt-sensitive 
genotype was lower than that of the other genotypes. Two mechanisms of salt 
tolerance appear to be operating in salt-tolerant Triticum genotypes. One is a 
lower rate of Na+ accumulation which is independent of the growth of 
individual leaves and therefore probably regulated by some root process. The 
second is ion compartmentation within leaves, which enhances the ability to 
tolerate high concentrations of Na+ in leaves. 
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Introduction 
The control of the sodium accumulation rate in the leaf or in the cell, is 
an important physiological process conferring salt tolerance to wheat and 
perhaps other species. The degree of salt tolerance is defined here as 
biomass in saline relative to non-saline conditions. Many studies of closely 
related varieties or species have shown that low Na+ concentrations in leaves 
correlate with salt tolerance (Greenway, 1965; Torres Bernal et al., 1974; Yeo 
and Flowers, 1982; Schachtman et al., 1989; Marcar and Termaat, 1990; 
Subbarao et al., 1990). However, the correlation between salt tolerance and 
leaf Na+ concentration is sometimes weak. This may be partly due to 
experimental design. Single harvests can be misleading because differences 
in leaf Na+ concentrations between genotypes may become more obvious or 
less obvious. Genotypic differences in Na+ uptake rate, as well as cellular 
tolerance to Na+, may cause the different patterns of Na+ accumulation through 
time. Analysis of whole shoots may also be misleading, because genotypic 
differences between Na+ concentrations in single leaf blades may be obscured 
when mixed with dead leaves, stems, petioles or sheaths. To test the 
importance of sodium accumulation rates in the salt tolerance of wheat the 
sodium concentrations were compared in individual leaf blades of several salt-
tolerant and salt-sensitive genotypes of wheat and a progenitor of wheat, 
Triticum tauschii (Rawson et al., 1988b; Chapter 2). Single leaves were 
harvested over time to provide a dynamic picture of Na+ concentrations and to 
avoid the misleading results associated with a single harvest and mixed tissue 
types. 
It is not known how sodium enters the plant or what controls the rate of 
accumulation of Na+ in shoots. Na+ concentrations in leaves may be 
influenced by Na+ uptake by roots and transport from root to shoot (Munns et 
al., 1983). The rate of leaf Na+ accumulation may also be affected by the rate 
of leaf expansion (Greenway et al., 1965; Delane et al. , 1982) or may be co-
regulated with leaf growth rates (Cheeseman and Wickens, 1986). To 
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determine whether genotypic differences in the rate of Na+ accumulation are 
linked to the growth of individual leaves, leaf growth and Na+ concentrations of 
expanding and fully expanded leaves of salt-tolerant and sensitive genotypes 
were measured. If salt-tolerant genotypes have a specific mechanism that 
regulates Na+ uptake, lower Na+ uptake rates would be maintained during the 
growth of an individual leaf and after growth finished. Similarly, salt-sensitive 
genotypes should have higher ion uptake rates in individual leaves while the 
leaf is growing and after growth finished. If the growth of an individual leaf 
does not determine the Na+ accumulation rates of that leaf, plant physiologists 
and breeders can focus on mechanisms of uptake or transport as the factors 
controlling the accumulation rate of Na+ and the salt tolerance of wheat. 
Materials and Methods 
Plant Material 
Four accessions of Triticum tauschii, one Triticum aestivum and one 
Triticum turgidum cultivar were used in these studies. The two salt-tolerant 
accessions of T. tauschii used were: CPI 110664 (T1) and CPI 110835 (T2) 
and the two salt-sensitive ones were: CPI 110791 (S1) and AUS 18905 (S2) 
(Chapter 2). T. aestivum cv. Kharchia is salt-tolerant and T. turgidum cv. 
Modoc is salt-sensitive (Rawson et al., 1988b). 
Methods 
Two separate experiments were conducted._ In both, plants were grown 
at 150 mol m-3 NaCl in full strength nutrient solution containing in mol m-3: 6.5 
K+, 4.0 Ca2+, 1.0 NH4+, 2.0 Mg2+ and in mmol m-3: 71 Fe2+, 4.6 8043-, 0.5 
Mn2+, 0.2 Zn2+, 0.1 Mo70246-, 0.2 Cu2+. Supplemental Ca (6 mol m-3) was 
added to bring the molar ratio of Na:Ca to 15. Seeds were surfaced sterilized 
in 1 °/o sodium hypochlorite for 30 minutes, rinsed, imbibed in water at 40c for 
96 hours and placed in Petri dishes at 250c. After the plumule had emerged, 
seedlings were planted into 8.5 X 16 cm tubes containing gravel in 60 L tanks. 
For the first week seedlings were sprinkled lightly with tap water several times 
a day and covered with aluminium sheeting to keep them moist. At radicle 
emergence the pots were watered with an automatic sub irrigation system 
every 90 minutes for approximately 9 minutes. Nutrients equivalent to one 
quarter strength were added on alternate days so that the solutions reached 
full strength in seven days. NaCl was added immediately after the second leaf 
on half of the plants was fully expanded (8-10 days after plant emergence). 
NaCl was added in daily increments of 
25 mol m-3 until the final concentration reached 150 mol m-3. Nutrient 
solutions were renewed weekly. The electrical conductivity was monitored 
between solution changes to ensure all tanks were at the same salinity level. 
Water levels were also monitored between solution changes and water was 
added as necessary. Harvested leaf-blades were rinsed in deionized water 
and oven dried at 700c. Leaves were extracted in 50 ml of 500 mol m-3 HCI 
that was heated to 350c (Hunt, 1982) and analyzed for Na+ with an atomic 
absorption spectrophotometer (Varian SpectraAA -300). 
43 
The growth of individual leaves was monitored on a leaf area basis in 
the first experiment and on a dry weight basis in the second experiment (data 
not shown). Leaf death as determined by necrosis starting at the tip was 
scored on all plants harvested. The leaf death values presented are means at 
a particular harvest. The rates of Na+ accumulation were calculated on the 
basis of changes in leaf ion concentration over time. 
Experiment 1 
T. aestivum cv. Kharchia, T. turgidum cv. Modoc and two Triticum 
tauschii accessions CPI 110664 (T1) and CPI 110791 (S1) were grown in a 
glasshouse in 150 mol m-3 NaCl. Temperatures were maintained at 210c 
during the day and 150c at night. The total amount of PAR (photosynthetically 
active radiation) accumulated was 255 mol m-2. Nine plants were harvested 
every 3 to 7 days over three weeks and dried and weighed. The Na+ 
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concentration in leaves 2 and 3 was measured at each harvest. Leaves from 
three plants were bulked to reduce the Na+ analyses to 3 per genotype at each 
harvest. 
Experiment 2 
T. tauschii accessions CPI 110664 (T1 ), CPI 110835 (T2), CPI 110791 
(S1) and AUS 18905 (S2) were grown in 150 mol m-3 NaCl in a glasshouse 
where temperatures were maintained at 21 oc during the day and 140c at 
night. Total PAR accumulated was 850 mol m-2. Eight plants were harvested 
every 3 d for three weeks. At each harvest leaves 2,3 and 4 were separated, 
dried and analyzed for sodium concentrations. Leaves from two plants were 
bulked to reduce the Na+ analyses to 4 per genotype at each harvest. 
Results 
Leaves 2 and 3 were used in this experiment to examine Na+ 
accumulation rates of individual leaves. Four genotypes were examined 
'Kharchia' and CPI 110664 (T1) were salt-tolerant; 'Modoc' and CPI 110791 
(S1) were salt-sensitive. Since these genotypes are similar in morphology and 
have a similar fresh weight to dry weight ratio, ion concentrations were 
presented on a dry weight basis. 
The rate of Na+ accumulation was high and relatively constant 
throughout the life of leaf 2 in Modoc (salt-sensitive). In contrast the rate of Na+ 
accumulation rate was characterized by two distinct phases in leaf 2 of 
Kharchia (salt-tolerant). Initially there was a large difference in the rate of Na+ 
accumulation between these cultivars (Fig. 3.1 a). Between days 4-13 after 
NaCl was added, Modoc accumulated Na+ at a rate of 0.12 mmol g-1 OW d-1 
as compared to 0.03 mmol g-1 DW d-1 for Kharchia. After day 13 the rate of 
Na+ accumulation rose sharply in Kharchia to 0.20 mmol g-1 DW d-1. 
1 • 
The rate of Na+ accumulation was constant and initially higher in the 
sensitive T. tauschii accession S1 than in the tolerant accession T1. As with 
Kharchia, the Na+ accumulation rate of T1 was characterized by two phases. 
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Figure 3.1 Na+ concentrations (mmol g-1 OW) in leaf 2 of (a) D r. aestivum 'Kharchia' and• T. 
turgidum 'Modoc' and (b) T. tauschii accessions 6. CPI 110664 (Ti) and .A.. CPI 110791 (S1) 
for 28 days after NaCl was added to the nutrient solution. Bars indicate standard errors at all time 
points. Errors smaller than symbols are not shown. 
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Between days 4-13 the rate of accumulation was 0.10 mmol g-1 DW d-1 in S1 
and 0.05 mmol g-1 DW d-1 in T1 (Fig. 3.1 b). After day 13 the rate of Na+ 
accumulation in T1 increased to 0.18 mmol g-1 DW d-1. 
Maximum Na+ concentrations in leaf 2 and leaf longevity were greater in 
the tolerant genotypes (Kharchia & T1 ). By day 27 the Na+ concentration in 
leaf 2 of Kharchia reached 3.1 mmol g-1 DW as compared to 2.3 mmol g-1 DW 
in Modoc (Fig. 3.1 a). Similarly the Na+ concentration in leaf 2 of the T. tauschii 
accession T1 reached 3.0 mmol g-1 DW but was only 1.6 mmol g -1 DW in S1 
(Fig. 3.1 b). Leaf 2 of Modoc was entirely dead by day 20 but only 50°/o of leaf 
2 on Kharchia was dead. By day 20 leaf 2 of S1 was dead, whereas only 80°/o 
of leaf 2 on T1 was dead. 
Leaf 3 was fully expanded by 4 days after the NaCl was added and 
showed the same trends that were observed for leaf 2. The rate of Na+ 
accumulation was initially higher in the salt-sensitive genotypes but then the 
rates of Na+ accumulation rose sharply in the tolerant genotypes, exceeding 
those of the sensitive genotypes. The maximum leaf Na+ concentration was 
higher in T1 than S1. In Kharchia the Na+ concentration of leaf 3 was still 
increasing at the termination of this experiment (data not shown). 
The aim of the second experiment was to more closely examine the 
trends observed in the first experiment and to compare the Na+ accumulation 
rates of a fully expanded leaf to expanding leaves. _ Leaves 2,3 and 4 were 
harvested every three days in four Triticum tauschii accessions: CPI 110664 
(T1) and CPI 110835 (T2) (salt-tolerant); CPI 110791 (S1) and AUS 18905 
(S2) (salt-sensitive). 
Leaf 2 was fully expanded at the time the NaCl was first added. 
Between days 3 and 9 the two salt-sensitive accessions accumulated Na+ in 
leaf 2 at a higher rate than the two salt-tolerant accessions (Table 3.1, Fig. 
3.2a). 
~ 
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Table 3.1. Na+ accumulation rate, leaf longevity and maximum Na+ concentration in leaf 2 and 3 of salt-tolerant and salt-sensitive Triticum tauschii accessions. Leaf 2 was 
'\ 
fully expanded on day O ; leaf 3 on day 5 after NaCl was added. The Na+ accumulation rate during the growing phase of leaf 3 was calculated over days 3-6. For the non-
growing phase accumulation rates were calculated until maximum Na+ concentrations were reached at day 27 for T1 & T2 and day 15 for S1 & S2. Leaf 3 of T1 & T2 was 
not completely dead, but the Na+ concentration had reached a plateau by day 27. 
Leaf 2 Leaf 3 
Na+ accumulation leaf Maxirrum Na+ Na+ accumulation Na+ accumulation leaf Maxirrum Na+ 
rate after longevity concentration rate during 
I 
rate after longevity concentration 
Tolerance expansion expansion expansion 
Accession leve11 Abbreviation immol ~r1 ow d-11 ida~sl immol~f1 0~ ~mmol g-1 OW d-1 l ~mmol g-1 OW d-1 l ida~sl tmmol~f1 0~ 
CPI 110664 tolerant T1 0.14 21 2.4 ± 0.4 0 .03 0.10 >28 2.2 ± 0.1 
CPI 110835 tolerant T2 0.23 18 2.4 ± 0.3 0.09 0.08 >28 2.4 ± 0.2 
CPI 110791 sensitive S1 0.28 15 1.9 ± 0.1 0.29 0.08 25 2.0 ± 0.3 
AUS 18905 sensitive S2 0.28 15 2.2 ± 0.2 0.29 0.17 20 2.5 ± 0.4 
1 see Chapter 2 
~ 
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Figure 3.2 Na+ concentrations (mmol g·1 OW) in leaf 2 (a) and leaf 4 (b) of four Triticum tauschii 
accessions for up to 27 days after NaCl was added to the nutrient solution. Bars indicate 
standard errors and are shown where differences are significant. 
0 T. tauschiiCPI 110664 (T1),. T. tauschiiCPI 110835 (T2), .A.. T. tauschiiCPI 110791 (S1), 
6. T. tauschii AUS 18905 (S2) 
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After day 9 the rate of Na+ accumulation in the sensitive accessions reached a 
plateau, but continued to rise in the tolerant accession T1, as in experiment 1. 
The maximum Na+ concentration in leaf 2 was similar for three of the four 
accessions and lower for S1 (Table 3.1 ). The slower Na+ accumulation rate in 
the tole·rant accessions was associated with an increase in leaf longevity. Leaf 
2 of the accession with the slowest Na+ accumulation rate (T1) survived the 
longest (Table 3.1 ). 
Leaf 3 was expanding until day 6 after NaCl was added. Between days 
3 to 6 the Na+ accumulation rate was higher in the sensitive accessions (Table 
3.1 ). After leaf expansion ceased, and until the Na+ concentrations reached a 
plateau, the rate of Na+ accumulation in leaf 3 of the sensitive accession S2 
was higher than that of the tolerant accessions (Table 3.1 ). The maximum 
-
concentration of Na+ was lower (although not significantly) in S1 than in the 
other accessions. (Table 3.1 ). Leaf 3 longevity was lower in the salt-sensitive 
accessions (Table 3.1 ). 
Leaf 4 was expanding until day 12 after NaCl was added. The rates of 
Na+ accumulation were lower in the salt-tolerant accessions both before and 
after the leaf finished growing (Table 3.2, Fig. 3.2b). Between days 6-12 (when 
leaf 4 was growing) the uptake rates were 4 times lower in T1 and T2 than S2 
and about 1.5 times lower than S1 (Table 3.2). Leaf growth stopped at day 12 
(Fig. 3.2b) and rates of Na+ uptake in the salt-tolerant accessions remained 
about 50o/o lower than those of the salt-sensitive accessions (Table 3.2). By 
day 24, leaf Na+ reached a maximum for the sensitive accessions. The leaf 
Na+ concentrations in the tolerant accessions did not reach maximum levels 
during this experiment (Fig. 3.2b). As in leaf 2 and 3, the maximum leaf Na+ 
concentration was lower in S1 than S2 (Fig. 3.2b) and the longevity of leaf 4 
was lower in both sensitive varieties (Table 3.2). 
Leaf 4 which was initiated later than leaf 2 had lower rates of Na+ 
uptake. For example, in T2, the Na+ uptake rate in leaf 4 was only 0.07 mmol 
g-1 OW d-1 whereas it was 0.23 in leaf 2 (Tables 3.1,3.2). This pattern of lower 
Na+ uptake in leaf 4 was consistent in all the accessions measured. 
Table 3.2 Na+ accumulation rate of leaf 4 in four Triticum tauschii accessions during and after its 
period of expansion. Also shown is the percentage of dead tissue of this leaf at the end of the 
experiment (day 27 after NaCl was added). The Na+ accumulation rate during its growing phase 
was calculated over days 6-12, and the non-growing phase over days 12-27 for T1 & T2 and 
days 12-24 for S1 & S2. Accumulation rates for S1 & S2 were calculated until day 24 when leaf 
Na+ concentrations reached a maximum. Maximum leaf Na+ concentrations were not reach_ed 
for T1 or T2 therefore accumulation rates were calculated until the last harvest at da~ 27. 
Accession Na+ accumulation rate Na+ accumulation rate Leaf death on day 27 
during expansion after expansion (o/o) 
(mmol g-1 OW d-1 ) (mmol g-1 ow d-1 ) 
CPI 110664 (T1) 0.05 0.05 5 
CPI 110835 (T2) 0.05 0.07 15 
CPI 110791 (S1) 0.08 0.10 95 
AUS 18905 (S2) 0.19 0.13 >80 
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Discussion 
Lower rates of Na+ accumulation in expanding leaves may be the resu lt 
of higher leaf growth rates and/or a mechanism that limits the transport or 
uptake of Na+ by roots (Munns et al., 1983). Salt-tolerant genotypes have been 
characterized in a couple of studies as having high plant growth rate or vigor 
(Rawson et al., 1988b; Yeo et al., 1990). If ion uptake rates by roots were 
similar in all genotypes, rapid leaf growth rates of the tolerant genotypes could 
explain the reduced leaf Na+ concentrations measured in salt-tolerant 
genotypes. Although changes in leaf growth rate within a genotype have been 
shown to influence leaf ion concentration (Greenway et al., 1965; Delane et al. , 
1982), it is not known whether leaf or whole plant growth rate determines 
genotypic differences in Na+ accumulation rates. 
The results presented in this chapter show that the low Na+ 
accumulation rates measured in the salt-tolerant accessions were not solely 
determined by the growth of the leaf, because the low accumulation rates in 
salt-tolerant accessions were maintained after leaf growth finished. In a fully 
expanded leaf (leaf 2) the Na+ accumulation rate was initially lower in salt-
tolerant genotypes. In leaf 4 the rate of Na+ accumulation was lower in salt-
tolerant genotypes during and after leaf expansion. If growth determined 
genotypic differences in leaf ion accumulation rate, a large increase in Na+ 
concentration would have been expected upon cessation of leaf growth in the 
salt-tolerant genotypes. 
Whole plant growth rates might also influen9e leaf Na+ concentrations, 
therefore T. tauschii accessions were selected with high and low growth rates 
(Chapter 2). The results presented here show that growth rate did not appear 
to influence leaf Na+ concentrations. Tolerant accessions with high (T1) and 
low (T2) growth rates both had initially low Na+ accumulation rates, whereas 
sensitive accessions with high (S1) and low (S2) growth rates both had initially 
high Na+ accumulation rates. The lower Na+ leaf accumulation rates are 
independent of leaf growth and whole plant growth rates, which suggests there 
1· 
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may be a physiological mechanism in roots that more efficiently limits the 
uptake of Na+ in salt-tolerant genotypes. 
The superior ability to compartmentalize Na+ into vacuoles is another 
mechanism that increases salt tolerance. This mechanism may result in the 
toleration of higher total leaf Na+ concentrations. Cellular tolerance to Na+ is a 
physiological mechanism associated with salt tolerance in rice. Based on leaf 
ultrastructure and photosynthetic rates a salt-tolerant cultivar of rice tolerated 
higher Na+ concentrations in leaf cells than a salt-sensitive cultivar of rice 
(Flowers, et al., 1985). The T. tauschii accessions used in these experiments 
fortuitously provided an initial test of the hypothesis that the ability to tolerate 
higher leaf concentrations of Na+ is an important mechanism conferring salt 
tolerance to wheat. The maximum Na+ concentration in leaves of one salt-
sensitive T. tauschii genotype (S1) was 10-40°/o less the other accessions.~ 
Although S1 had lower Na+ uptake rates than S2 in leaves 3 and 4, the 
longevity of leaves 3 and 4 were similar for the two sensitive accessions. Thus, 
sensitivity to NaCl in S1 may be due in part to an inability to tolerate moderate 
leaf Na+ concentrations. S2 accumulated the same maximum concentrations 
of Na+ as the two tolerant accessions, but higher rates of Na+ uptake may be 
the cause for its sensitivity to NaCl. 
In the first experiment there was a sudden and rapid rise in Na+ 
concentrations in leaf 2 of the salt-tolerant genotypes after day 13 (Fig. 3.1 a, 
3.1 b). A sudden rise in leaf 3 Na+ concentration was also observed, but this 
occurred later than the rise in leaf 2 (data not sho~n). Similar data has been 
presented for Na+ accumulation rates in the leaves of rice (Yeo and Flowers, 
1982). The sudden rise in leaf Na+ concentrations was probably not due to a 
sudden increase in root permeability. Because of the union of root xylem 
vessels at the root-shoot junctions in wheat (Aloni and Griffith, 1991 ), a 
decrease in root permeability should result in the sudden rise of Na+ 
concentrations in all leaves simultaneously, whereas in these experiments the 
rise was observed in only one leaf at a time. 
One explanation for the sudden increase in leaf blade Na+ 
concentrations may be due to the compartmentation of Na+ in the sheath. In 
barley, as the xylem stream passes through the sheath the concentration of 
Na+ in the xylem decreases (Wolf et al., 1990). The leaf blade Na+ 
concentration may rise sharply when the sheath cells accumulate a maximum 
concentration of Na+ and can no longer withdraw Na+ from the xylem stream. 
The absence of a steep rise in leaf blade Na+ concentrations in the salt-
sensitive genotypes ('Modoc' and S1) may be due to the sheath's reduced 
capacity to remove Na+ from the xylem stream. In these salt-sensitive 
genotypes the sheaths may more quickly reach the same lower maximum Na+ 
concentration that was measured in the blade, making the rise in blade 
concentrations less sudden and conspicuous. In Sorghum bicolor the sheath 
-
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to blade Na+ ratio drops below 1.0 at higher external salinity levels (Boursier et 
a/., 1987) which supports the idea that when the sheath is unable to 
compartmentalize the Na+ coming up from roots, it is passed onto the blade. 
In conclusion, the comparison of these accessions suggests that there 
are at least two mechanisms that determine tolerance of NaCl. These are low 
Na+ uptake rates and the ability to tolerate moderately high Na+ concentration 
in leaves. Although it is not known how excess Na+ causes leaf or plant 
death, in the long term, the decreased leaf longevity observed in salt-sensitive 
genotypes reduces their ability to acquire carbon. Both of these physiological 
mechanisms should ultimately enhance the ability of plants to grow and to 
produce higher yields on saline soils through incre_ased leaf longevity. 
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CHAPTER 4 
The K+/Na+ selectivity of a cation channel in the plasma 
membrane of root cells does not differ in salt-tolerant and salt-
sensitive wheat species 
Abstract 
The characteristics of cation outward rectifier channels were studied in 
protoplasts from wheat root cells using the patch clamp technique. The cation 
outward rectifier channels were voltage-dependent with a single channel 
conductance of 32 + 1 picosiemens in 100 mol m-3 KCI. Whole-cell currents 
were dominated by the activity of the cation outward rectifiers. The time and 
voltage-dependence of these currents was accounted for by the summed 
behavior of individual channels recorded from outside-out detached patches. 
The K+/Na+ permeability ratio of these channels was measured in two wheat 
cultivars that differ in rates of Na+ accumulation, using a voltage ramp protocol 
on protoplasts in the whole-cell configuration. Permeability ratios were 
calculated from shifts in reversal potentials following ion substitutions. There 
were no significant differences in the K+/Na+ permeability ratios of these 
channels in root cells from either of the two genotypes tested. The 
permeability ratio for K+/CI- was greater than 50:1. The K+/Na+ permeability 
ratio averaged 30:1, which is 2-4 times more selective than the same type of 
channel in guard cells and suspension culture cells. Lowering the Ca2+ 
concentration in the bath solution to 0.1 mol m-3 in_ the presence of 
100 mol m-3 Na+ had no significant effect on the K+/Na+ permeability ratios of 
the channel. It seems unlikely that the mechanism of salt tolerance in wheat is 
based on differences in the K+/Na+ selectivity of these channels. 
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Introduction 
In Chapter 2 the most salt-tolerant genotypes had lower Na+ 
concentrations in leaf 5 and in Chapter 3 the most salt-tolerant genotypes 
initially had lower rates of Na+ accumulation in leaves than the most salt-
sensitive accessions. The plasma membrane of root cells is a likely site for 
selective uptake of ions into the plant, so the specific characteristics of 
transport processes across this membrane should be important in controlling 
the rate of Na+ accumulation. At high external salinity, Na+ may enter the 
cytoplasm passively across the plasma membrane since the cytoplasm is 
electrically negative with respect to the apoplast and the concentration of Na+ 
is probably higher outside than in the cytoplasm. In plants a Na+ selective 
channel has not been identified in the plasma membrane; therefore entry of 
Na+ into the cytoplasm may be through a K+ channel with some permeabil ity 
to Na+. Sodium may cross the plasma membrane via the cation-selective 
outward rectifier which has been observed in the plasma membranes of guard 
cells (Schroeder et al., 1987), corn root suspension culture cells (Ketchum et 
al., 1989), cells from cotyledons of Amaranthus (Terry et al., 1990), and algae 
(Tester, 1990). The cation outward rectifier channel is characterized by its 
strong voltage dependence of opening causing it to dominate the membrane 
conductance when the membrane potential goes more positive than the 
reversal potential of the channel, which is usually very close to the equilibrium 
potential for potassium (EK). In non-halophytes the membrane depolarizes in 
response to external NaCl, generally to membran~ potentials at or more 
positive than EK (Cakirlar and Bowling, 1981; Kourie and Findlay, 1990). 
Depolarization will open the cation outward rectifier channels and Na+ could 
move into the cell at a rate governed by the electrochemical gradient for Na+ 
and the effective permeability of the channels to Na+. 
This study used the patch-clamp technique on protoplasts to compare 
the characteristics of the cation outward rectifying channels in wheat root cells . 
Little is know.n about the diversity of properties of particular ion channels in the 
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plasma membranes of plants and in particular in plant roots. Studies on 
Drosophila and mammals have shown the DNA coding for K+ and Na+ 
channels contain highly conserved regions among different organisms (Jan 
and Jan, 1989), yet within a class of ion channel (e.g. voltage activated K+ 
channels) differences occur both in DNA sequences and in 
electrophysiological parameters (Rudy, 1988). It is possible that diversity 
occurs in ion channels found in plant plasma membranes, sufficient perhaps 
to account for varietal differences in salt-tolerance. This chapter reports on the 
K+ and Na+ permeability ratios of the cation outward rectifier channels in the 
plasma membrane of cells from roots of a salt-tolerant and a salt-sensitive 
species of wheat. The comparison of these genotypes, divergent in salt-
tolerance and Na+ accumulation rate, was intended to characterize how 
sodium is more efficiently excluded from shoots by salt-tolerant wheat. 
Materials and methods 
Plant Material 
The salt-tolerant Triticum aestivum cv. Kharchia (Rawson et al., 1988b) 
and a salt-sensitive T. turgidum cv. Modoc (Rawson et al., 1988b) were used. 
Seeds of T. aestivum cv. Kharchia or T. turgidum cv. Modoc were imbibed in 
water at 40c and then germinated in Petri dishes. Seedlings were transferred 
to continuously aerated nutrient solution containing half concentration of 
Hoagland solution (Hoagland and Arnon, 1938) with full strength iron. They 
were grown at 250c during the day and 21 oc at night in a growth chamber (12 
h light d-1) for most experiments; in some experiments they were grown in the 
greenhouse under similar conditions. 
Protoplast Isolation 
About 3 g of roots from 5-7 d old seedlings were chopped finely in a 
small volume of solution A (500 mol m-3 sorbitol, 5 mol m-3 Mes, 1 mol m-3 
CaCl2, 0.5°/o w/v PVP, 0.5°/o BSA, pH 5.5) and washed thoroughly in the same 
56 
t 
I 
~ 
' ) 
solution. The chopped roots were suspended in 10 ml of solution A contain ing 
0.8°/o cellulase (Onozuka RS; Yakult Honsha Co. Ltd., Tokyo) and 0.08°/o 
pectolyase (Sigma Chemical Co.) pH 5.5, the tissue was then exposed to 
partial vacuum to infiltrate the enzyme solution into air spaces. The tissue was 
agitated at 300c in the dark for 2 h, followed by a further 1 h after the addition 
of another 10 ml of solution A containing 0.8°/o cellulase, at pH 5.8. The digest 
was filtered through fine muslin, centrifuged at 60 g for 5 min and the pellet 
resuspended in 5 ml of ice-cold 500 mol m-3 sucrose, 5 mol m-3 Mes, 1 mol m-
3 CaCl2, pH 6.0. On top of this was layered 2 ml of 400 mol m-3 sucrose, 100 
mol m-3 sorbitol, 5 mol m-3 Mes, 1 mol m-3 CaCl2, pH 6.0, followed by a 1 ml 
layer of 500 mol m-3 sorbitol, 5 mol m-3 Mes, 1 mol m-3 CaCl2, pH 6.0. After 
centrifugation for 5 min at 200g clean protoplasts were collected from the 
~ 
interface between the top two layers. · The protoplasts were mixed with 5 ml of 
the top gradient solution for a final wash, centrifuged at 60 g for 5 min, and 
resuspended in 2 ml of the top gradient solution. Throughout the purification 
the protoplasts were kept at 40c. If stored at 40c protoplasts remain 
patchable for more than 4 h. 
Patch Clamp Recording 
Data for this chapter were obtained from the whole-cell configuration 
and outside-out patches (Hamill et al., 1981) (Fig. 4.3 inset, Plate 3.1 B) of 
streaming and phase bright protoplasts. Outside-out patches are segments of 
cell membrane that form a seal over the tip of the pipette with the original 
outside of the cell facing out towards the bath solution. The same criteria 
were applied in selection of protoplasts for all experiments such that they 
should have derived from cortical tissue rather than stele. The protoplasts 
selected for patch clamping had an average surface area of 2.9 X 1 o-9 m2 
(n=20) with streaming cytoplasm. The specific capacitance was not 
significantly different in the two genotypes averaging 0.97 + 0.06 µF cm-2 (n= 
14). All recordings were made at 22 to 25 oc, unless specified. All whole-cell 
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recordings were made with series resistance compensation at 50°/o. Patch ing 
of protoplasts was done in a flow chamber of less than 0.3 ml volume, in 
which solutions could be exchanged rapidly without disturbance to whole-ce ll 
or cell-attached preparations. The chamber has a thin glass base to which the 
protoplasts without cell walls adhered firmly. Patch-pipettes were pulled from 
borosilicate glass blanks (Clark Electromedical, Reading, U.K.), coated with 
SylgardR (Dow-Corning) and fire-polished immediately before use. Pipettes 
for detached patches were usually polished to between 15 to 20 MQ 
(measured in 100 mol m-3 KCI); pipettes with lower resistance were used for 
whole-cell recordings, polished to about 5 to 10 MQ. Solution in the flow 
chamber was earthed via an agar salt-bridge connected to a silver/silver-
chloride bath electrode. Patch and bath electrodes were filled with the same, 
or similar solutions to minimize offset -potentials. Unbalanced tip potentials, 
when present, were corrected for as described in Tyerman and Findlay 
(Tyerman and Findlay, 1989). The potential difference across a patch is 
expressed in terms of conventional membrane potential (Vm); the resting 
membrane potential (Em), pipette potential (Vp) and tip potential (E1, pipette 
with respect to bath) are included (where applicable) in calculations of Vm. 
The unfiltered output from a List EPC-7 (List Electronic, Darmstadt, 
FAG) was fed through a modified pulse code modulator (PCM 701 ES; Sony) 
and stored on VHS video tape. The amplifier was also connected via a 12 bit 
AID converter to a control computer which could be used to monitor the pipette 
resistance, initiate saw tooth or triangular waveforn:,s (ramps) of the pipette 
potential from any chosen holding potential, generate sequences of voltage 
command pulses from a given holding potential, of from 2 to 12 s duration, and 
record the current and voltage data resulting from the procedures described, 
at sampling rates of between 1 O kHz to 2 kHz. 
B 
Plate 3.1 Protoplasts from wheat root cells and glass micropipettes. The "halo" 
around the cells is an artifact of the phase contrast microscope that was used. 
A) The tip of a micropipette touching the plasma membrane of a root 
protoplast. B) To obtain an outside out patch (see inset Fig. 4 .3) the pipette is 
first firmly attached to the plasma membrane with light suction (as in Plate 
3.1 a). The pipette is then slowly pulled away from the cell. The filament seen 
in the photograph connecting the cell and the pipette is the plasma 
membrane. This filament eventually breaks and with any luck part of the 
membrane forms a seal across the tip of the pipette. 
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Solutions 
All solutions were osmotically balanced with sorbitol, to 700 mOsM and 
720 mOsM for intracellular solution. All solutions were filtered (0.22 µm 
Millipore) before use. Details of particular external solutions are listed in the 
appropriate figure and table legends. The standard intracellular solution 
contained (mol m-3): 100 KCI, 2 MgCl2, 2 EGTA, 2 Na2ATP + 2 MgCl2, 490 
sorbitol, 1 O Hepes, 13 KOH, pH 7.2. 
Results 
Identification of the cation outward rectifier channel 
A time-dependent outward current was observed in 33 out of 42 wheat 
root cells when the plasma membrane was depolarized to potentials more 
positive than the equilibrium potential for potassium (EK). The time-dependent 
current in whole-cell recordings was identified on the basis of reversal 
potential shifts, and the voltage and time-dependence of single channel data. 
Figure 4.1 shows the time-dependent increase in current to a steady state in 
the whole-cell (see inset Fig. 4.1, Plate 3.1 A) for a sequence of pulses during 
which the membrane potential (V m) was progressively stepped to more 
positive values. When V m was held positive of the reversal potential of the 
conductance and pulsed to more negative values (closing the channels) most 
of the inward current decayed exponentially (Fig. 4.2). 
Single channel recordings of the cation outward rectifier confirmed that 
the voltage and time-dependent currents observed in the whole-cell were due 
to the cation outward rectifier. Single channels were recorded in the outside-
out patch configuration (see inset Fig. 4.3, Plate 3.18). When Vm was held 
more positive than EK the cation outward rectifier remained open most of the 
time. Upon hyperpolarization of V m which caused inward current to flow 
through the channels, the kinetics of the channels changed markedly, with 
many rapid and regular flickers to a closed state (Fig. 4.3). After a variable 
time, depending on how negative Vm was from EK, the channel would enter a 
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longer lived closed state from which it would rarely open. Such behavior is 
typical of the cation outward rectifier channel (Terry et al., 1990). The 
summation of 30 sequential single channel current records each similar to that 
seen in Fig. 4.3 were used to generate the exponentially decaying current 
versus time curve shown in Fig. 4.4 (Schroeder et al., 1987). Similarity 
between the current decay generated from single channel data (Fig. 4.4) and 
whole-cell data (Fig. 4.2) indicates that whole cell currents originate from the 
activity of the single channels observed in isolated patches. 
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Figure 4.1 Opening of the cation outward rectifier channels in the whole-cell configuration (see 
inset) in response to positive going voltage pulses. The same response to pulses were seen in 
root cells of both 'Modoc' and 'Kharchia'. Bath solution was 100 mol m-3 KCI , 10 mol m-3 CaCl2, 
1 O mol m-3 Mes, 460 mol m-3 sorbitol at pH 6.0 and standard intracellular. The holding potential 
was -100 mV. The final membrane potentials reached during the voltage pulse are shown to 
the right of each recording. 
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Figure 4.2 Closure of the cation outward rectifier channels in the whole-cell configuration in 
response to negative going voltage pulses. The same response to pulses were seen in root 
cells of both 'Modoc' and 'Kharchia'. Bath solution was 100 mol m-3 KCI, 1 O mol m-3 CaCl2, 1 O 
mol m-3 Mes, 460 mol m-3 sorbitol at pH 6.0 and standard intracellular. The holding potential was 
+so mV. The final membrane potentials reached during the voltage pulse are shown to the 
right of each recording. 
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Figure 4.3 Typical single channel recording of the cation outward rectifier channel in an outside 
out-patch (see inset) from the plasma membrane of wheat root cells. Two channels are closing 
in this figure. At time zero the voltage was stepped from a holding potential of +so mV where 
channels were open, to -50 mV which led to the closure of the channels over an interval of 2 s. 
Bath solution was 100 mol m-3 KCI, 1 O mol m-3 CaCl2, 1 O mol m-3 Mes, 460 mol m-3 sorbitol at 
pH 6.0 and standard intracellular. 
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Figure 4.4 Summation of 30 sequential pulses which capture the closure of cation outward 
rectifier channels in an outside-out patch from the plasma membrane of wheat root cells. 
Voltage pulse protocol as in Fig. 4.3. Bath solution was 100 mol m-3 KCI, 1 O mol m-3 CaCl2, 10 
mol m-3 Mes, 460 mot m·3 sorbitol at pH 6.0 and standard intracellular. Summation shows 
whole-cell behavior can be reconstructed from single channel data. 
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Single channel IN cuNes generated with voltage ramps 
Current vs. voltage (IN) curves could be generated from pulse 
sequences to different values of V m· This method is time consuming and 
prone to errors when dealing with single channel recordings since a different 
channel type may appear at a particular voltage and be mistaken for the 
channel in question. A more efficient way to extract IN curves is to apply 
linear fast ramps of voltage. The voltage dependence of the cation outward 
rectifier can be used to advantage by ramping from a positive holding Vm to 
more negative values. The channel closes during the ramp sequence, 
because when the voltage of the sequence of ramps is averaged over time, 
the mean voltage is more negative than EK. With this method both the open 
channel ramps and the closed ramp are obtained, the difference yielding the 
~ 
single channel IN curve. Figure 4.5 shows a single channel IN curve for the 
cation outward rectifier in two external solutions. The short closures that have 
been captured at negative Vm during the ramp in 100 mol m-3 KCI illustrate the 
rapid change in kinetics which occur when inward current flows through the 
channel. With 100 mol m-3 external KCI and 100 mol m-3 KCI in the pipette, 
single channel 1/V curves yielded an average single channel conductance of 
32 picosiemens (SE + 1, n=S ) for the cation outward rectifier. 
Whole-cell /IV curves generated with voltage ramps 
Voltage ramps were also applied to whole-cell preparations. The 
voltage and time-dependence of the cation outward rectifier was used to 
obtain 1/V curves. The membrane potential was held positive of EK, (usually at 
+50 mV) so that the channels were open and the outward current was 
activated. A series of ramps were then given to some membrane potential 
negative of EK. During a series of ramps, the cation channels began to turn 
off. The proportion that closed by the end of the series depended on the 
amplitude and frequency of the voltage ramps. Subtraction of the last ramp 
from the first in a series yielded the IN curve for the proportion of time-
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dependent current which turned off during the sequence. The non time-
dependent component, common to all the ramps in a sequence, is removed in 
the subtraction. Figure 4.6 shows whole-cell IN curves for the time-dependent 
current (non time-dependent component subtracted) in different external 
solutions. Although this method does not always reveal the IN curve for the 
total time-dependent current, it does provide an accurate measure of the 
reversal potential for that current. The reversal potential of the time-dependent 
component could also be obtained by subtraction of any two ramps in a 
sequence as the channels are deactivating. This was done and gave the 
same reversal potential. Others (Schroeder et al., 1987; Ketchum et al., 1989) 
have used a step protocol, extracting the time-dependent portion of the current 
to generate the current voltage relationship. A comparison of the two 
techniques yielded similar reversal potentials. In 100 mol m-3 NaCl a reve~rsal 
potential of -82 mV (SE + 5 mV, n=16) was measured with the ramping 
technique, as compared to a reversal potential of -83 mV (SE + 9 mV, n=4) 
with the step protocol. In both single channel (Fig. 4.5) and whole-cell (Fig. 
4.6) 1/V curves, inward current was observed with Na+ as the only external 
monovalent cation. 
The reversal potentials for the time-dependent outward current 
obtained in the whole-cell mode were the same as those obtained from single 
channel 1/V curves for the cation outward rectifier; which further substantiates 
that whole-cell recordings represent the collective behavior of single cation 
outward rectifier channels. This result also indicates that no other time-
dependent current in the whole-cell recordings is confounding the ramping 
results. In later experiments voltage ramps were used instead of the step 
protocol. 
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Figure 4.5 Single channel current/voltage relationship for the cation outward rectifier in an 
outside-out patch from root cell protoplasts of 'Kharchia' with a) 100 mol m·3 KCI, 10 mol m·3 
CaCl2, 1 O mol m-3 Mes, 460 mol m-3 sorbitol, pH 6.0 in bath b) 100 mol m-3 NaCl, 1 O mol m-3 
CaCl2, 10 mol m-3 Mes, 460 mol m·3 sorbitol, pH 6.0 in bath. Standard intracellular solution was 
used. The same relationships were obtained with root cells from 'Modoc'. The holding potential 
was +so mV at which the channels were open most of the time. The negative going voltage 
ramps tended to close the channels. The data was sampled at 1 OkHz and the duration of each 
ramp was approximately 50 ms. 
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Figure 4.6 Current voltage relationships for the time-dependent outward current in a whole-cell 
of 'Modoc' with a) 100 mol m-3 KCI, 1 O mol m-3 CaCl2, 1 O mol m-3 Mes, 460 mol m-3 sorbitol, pH 
6.0 in bath b) 1 O mol m-3 KCI, 1 O mol m-3 CaCl2, 1 O mol m-3 Mes, 460 mol m-3 sorbitol, pH 6.0 in 
bath c) 100 mol m-3 NaCl, 1 O mol m-3 CaCl2, 1 O mol m-3 Mes, 460 mol m-3 sorbitol, pH 6.0 in 
bath. Standard intracellular solution was used. The same relationships were obtained with root 
cells from 'Kharchia'. The data was sampled at 2 kHz with each ramp taking approximately 
250 ms. The negative going ramps tended to deactivate the current with time. 
-
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Selectivity of the cation outward rectifier 
The selectivity of the cation outward rectifier channels in root cells from 
two genotypes of wheat ('Kharchia' and 'Modoc') was characterized in the 
whole-cell configuration. In this configuration sufficient replication could be 
obtained to test for differences in ion selectivity of the cation outward rectifier. 
The IN curves and the reversal potentials in Fig. 4.6 are typical of those 
generated for both genotypes. A negative shift in reversal potential was 
measured when the bath solution of 100 mol m-3 KCI was replaced with 10 
mol m-3 KCI and a more negative shift with 100 mol m-3 NaCl in the bath 
(standard intracellular in pipette). Average reversal potential shifts are shown 
in Table 4.1. 
A K+/Na+ permeability ratio was calculated using changes in reversal 
potential between solutions (equation ·10-16; Hille, 1984). Although it is 
generally assumed that the pipette solution thoroughly perfuses the cell, 
concentration gradients may form between the tip of the pipette and the inside 
of the cell (Tester, 1990). Calculation of K+/Na+ permeability ratios from shifts 
in reversal potential avoided the need to know the actual ion concentrations in 
the cytoplasm, although these were assumed to remain constant throughout 
an experiment. The shifts in reversal potentials (Table 4.1) measured in root 
cells from 'Modoc' and 'Kharchia' were compared by a one way analysis of 
variance. No statistical difference was found for reversal potential shifts for the 
cation outward rectifier between 'Kharchia' and 'Modoc'. Since the reversal 
potential shifts were not significantly different, the K+/Na+ and K+/Cl-
permeability ratios were calculated from the mean reversal potential shifts of 
the two genotypes. A change in bath KCI concentration from 100 mol m-3 to 
1 O mol m-3 produced shifts in reversal potential which ranged from -39 mV for 
'Modoc', to -48 mV for 'Kharchia'. These shifts were not significantly different. 
The channel is at least 50 times more selective to K+ over Cl- (Table 4.1 ). An 
average shift of -88 mV was measured for the cation outward rectifier in 
'Kharchia' and 'Modoc' when the KCI concentration of 100 mol m-3 was 
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changed to 100 mol m-3 NaCl with 1 O mol m-3 CaCl2. A similar sh ift of -83 mV 
was observed when the ionic composition of the bath was changed from 100 
mol m-3 KCI to 100 mol m-3 NaCl with 0.1 mol m-3 CaCl2. No statistically 
significant difference was found between the permeability of the cation 
outward rectifier in 1 O mol m-3 Ca and in 0.1 mol m-3 Ca. The reversal 
potential shifts indicate that the permeability of the cation outward rectifier 
channel for K+ over Na+ is between 28 to 32 (Table 4.1 ). Several outside-out 
patches were obtained that contained the cation outward rectifier channel. 
Current voltage curves from outside-out patches (Fig. 4.5) in different bath 
solutions showed similar shifts in reversal potentials to those from the whole-
cell (Fig. 4.6). The average shift in reversal potential for both genotypes was 
-48 mV (SE± 3) for the single channel recording and -44 mV (SE + 2) for the 
whole-cell recordings when the KCI in the bath solution was changed from 
100 mol m-3 to 1 O mol m-3. When 100 mol m-3 KCI was substituted with 
100 mol m-3 NaCl the average shift in reversal potential for both genotypes 
was -84 mV (SE + 1) for single channel recordings and -88 mV (SE + 5) for 
whole-cell records. 
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Table 4.1 Reversal potential shifts (±SE) and permeability ratios for T. aestivum cv. Kharchia a 
salt-tolerant wheat and T. turgidum cv. Modoc a salt-sensitive wheat. Shifts in reversal potential 
were measured in response to bath solution changes. No statistically significant differences 
were found using analysis of variance for reversal potential shifts between 'Kharchia' and 
'Modoc', or between solutions with 1 O mol m-3 and 0.1 mol m-3 ca2+. The permeability ratios 
were calculated for the mean reversal potential for both genotypes as described in the results. 
Bath solutions were: 
(1) 100 mol m-3 KCI, 10 mol m-3 CaCl2 or 0.1 mol m-3 CaCl2, 1 O mol m-3 Mes, 460 mol m-3 
sorbitol, pH 6.0 in bath; 
(2) 1 O mol m-3 KCI, 1 O mol m-3 CaCl2, 1 O mol m-3 Mes, 460 mol m-3 sorbitol, pH 6.0 in bath; 
(3) 100 mol m-3 NaCl, 1 O mol m-3 CaCl2 or 0.1 mol m-3 CaCl2, 1 O mol m-3 Mes, 460 mol m-3 
sorbitol, pH 6.0. 
Standard intracellular solution was used. The number of cells tested are in parentheses. 
Reversal potential shifts (mV) 
Solution change Solution change Solution change 
Genotype from 100 mol m-3 KCI from 100 mol m-3 KCI from 100 mol m-3 KCI 
to 1 O mol m-3 KCI to 100 mol m-3 NaCl to 100 mol m-3 NaCl 
( 1 O mol m-3 CaCl2) (1 O mol m-3 CaCl2) (0.1 mol m-3 CaCl2) 
Kharchia -48 ± 2 (7) -87 ± 8 (7) -77 ± 9 (4) 
Modoc -39 ± 5 (5) -90 ± 7 (9) -89 ± 6 (7) 
Mean for Kharchia and PKIPc1 > 50 PKIPNa= 32 PKIPNa= 28 
Modoc 
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Non time-dependent currents 
In about 20°/o of the cells that were successfully patch clamped no 
apparent time dependence in the outward or inward currents (Fig. 4.7) was 
observed. A sigmoid IN curve was observed from both ramp and pulse 
protocols with a region of very low slope conductance between O and -75 mV. 
In some cells the time-dependent outward current changed to a non time-
dependent current. In some other cells this instantly activated current was 
gradually replaced by the more usual time-dependent type. 
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Figure 4. 7 Current voltage relationship for root cells from Modoc in the whole-cell configuration. 
This type of current voltage curve (non time-dependent) was occasionally measured in root cells 
of both genotypes. The bath solution was 100 mol m·3 KCI, 0.1 mol m·3 CaCl2, 1 O mol m·3 Mes, 
460 mol m·3 sorbitol, pH 6.0. Standard intracellular solution was used. The holding potential 
was +so mV with ramps in a negative direction. Data sampled as in Fig.6. 
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Discussion 
At high external NaCl concentrations the influx of Na+ into root cells 
may be via a cation channel. Inward rectifier cation channels may not be the 
pathway for Na+ transport. NaCl causes an increase in the concentration of 
cytosolic calcium of maize root protoplasts (Lynch et al., 1990). If inward 
rectifier channels in wheat roots behave like the same channels in guard cells 
(Schroeder and Hagiwara, 1989) the elevated level of cytosolic Ca2+ will 
cause the inward rectifiers to close. A possible route for Na+ entry into the cell 
may be via the cation outward rectifier. For Na+ to move into the cell through 
the cation outward rectifier, the channel must be permeable to Na+, although 
its permeability may be modified by the concentration of K+, other ions and by 
voltage. Secondly, the channel must open. Cation outward rectifiers open 
when the membrane potential depolarizes. Na+ has been shown to 
depolarize the membrane potential of plant root cells (Cakirlar and Bowling, 
1981) and giant algal cells (Kourie and Findlay, 1990), thus the cation outward 
rectifier will probably be open under these conditions. In saline soils the salt 
concentrations around the root can be two times higher than the bulk soil 
solution when plants are rapidly transpiring or the soil begins to dry out 
(Passioura and Frere, 1967; Sinha and Singh, 1976). In 100 mol m-3 external 
NaCl, cytoplasmic concentrations of sodium may reach a maximum of about 
100 mol m-3 (Binzel et al., 1988) while the concentration of Na+ in the root 
apoplast may be twice as high. If the cation outward rectifier is open under 
saline conditions, the electrochemical gradient for ~a+ could result in the 
passive movement of Na+ ions through open cation channels into the cell. 
Although it was suggested that Na+ could enter root cells via the cation 
outward rectifier, there are four principle objections that hypothesis. 1) The 
permeability calculated from the channel's reversal potential does not 
necessarily reflect the relative flux ratio of ions through the channel (Lauger, 
1973). 2) There is the possibility that Na+ may block the cation outward 
rectifier channels (Tester, 1988). 3) Even though Na+ was the only external 
monovalent cation, the inward current measured through these channels (Fig. 
4.5) could have been from Na+ or Ca2+ or perhaps may have been due to Cl-
moving out of the cell.. In this context it is interesting to note that the reversal 
potentials obtained from whole cell and single channel IN curves are very 
similar. This adds weight to the argument that the whole cell currents are 
carried by the type of channel recorded in Figure 4.5. The possibility that the 
inward current was due to a leak conductance or carrier is excluded since the 
leak is subtracted in both cases. 4) The voltage dependent kinetics of the 
channel which may prevent the channel from opening under saline conditions 
was not considered in this study. The kinetics are such that normally the 
channel closes when there is an inwardly directed K+ current. However, 
under saline conditions the membrane potential may depolarize to a value 
more positive than the reversal potential of the channel. If the objections listed 
above can be satisfied, the inward current through the cation outward rectifier 
may account for the fluxes of Na+ into cortical cells of wheat roots in conditions 
of high external NaCl. 
The high K+/Na+ selectivity of between 28 to 32 measured in wheat root 
cells indicates that there may be diversity within the cation outward rectifier 
channels found in the plant kingdom. The K+/Na+ selectivity of the cation 
outward rectifier in wheat root cells was higher than that measured for the 
cation outward rectifier in guard cells of bean (PKIPNa = 8; (Schroeder et al., 
1987)) and in suspension cells from butterfly weed (PKIPNa = 15; (Schauf and 
Wilson, 1987)). In Amaranthus hypocotyl/cotyledo_nary parenchyma, where 
the same experimental protocols were used, the cation outward rectifier was 
also less selective to K+/Na+ (PKIPNa = 6; (Terry et al., 1990)). The K+/Na+ 
selectivity of the cation outward rectifier also varies within the animal kingdom. 
A K+/Na+ permeability ratio of greater than 100 for the cation outward rectifier 
was measured from frog node and only 14.5 for snail neurons (Hille, 1984). 
It is not clear why apparently non time-dependent currents appeared in 
whole-cell preparations from both Kharchia and Modoc. These currents may 
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originate from voltage and time-dependent channels whose activation and 
deactivation behavior differs from that of the cation outward rectifier. A piece 
of evidence against this, is that in at least five cells the whole-cell currents 
changed from the normal time-dependent type to the non time-dependent 
type, and vice versa. Recent work with Amaranthus has indicated that the 
deactivation and activation kinetics of the cation outward rectifier can change 
sufficiently so that the same channels can generate currents which appear to 
activate and deactivate apparently instantly, or at some later point, in a time-
dependent fashion (B.R. Terry, personal communication). 
Calcium is known to ameliorate the effects of high Na+ on plant growth. 
The mechanism behind this response may be due to a decrease in membrane 
permeability with high concentrations of calcium. High concentrations of 
sodium, in the presence of low concentrations of calcium, have been shown to 
displace calcium from the plasma membrane in cotton epidermal cells 
(Cramer et al., 1985). Increases in membrane permeability have been 
observed in Nitellopsis when cells are bathed in high sodium and low calcium 
(Katsuhara and Tazawa, 1986). However, the K+/Na+ permeability of the 
cation outward rectifier channel was not affected by very low concentrations of 
Ca2+ (0.1 mol m-3) and high concentrations of Na+ (100 mol m-3) in the bath 
solution. 
These experiments aimed at measuring the possible differences in 
K+/Na+ selectivities of the outwardly rectifying cation channels for a salt-
tolerant and a salt-sensitive variety of wheat. There appear to be no 
differences in this particular kinetic property (i.e. selectivity) of the channels in 
the contrasting genotypes. The genotypic differences in Na+ uptake and 
transport may depend instead on the amount of time these channels are open 
in different genoyypes under NaCl stress. The techniques used in these 
experiments did not measure the in vivo response of root cells to salinity, 
because the intracellular concentrations of K+, Ca2+ and ATP were held 
constant due to perfusion by the contents from the patch pipette. Salt stress 
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leads to an increase in the cytosolic concentration of free calcium in maize 
root protoplasts (Lynch et al., 1990), and there is evidence that cytosolic 
calcium plays a part in regulation of the cation outward rectifier in maize 
suspension culture protoplasts (Ketchum and Poole, 1990). Cytosolic ATP 
concentration may also regulate cation channels in the plasma membrane of 
root cells· as was demonstrated in Nitellopsis (Katsuhara et al., 1990). In 
salinized roots of barley, concentrations of ATP were lower in a s~lt-sensitive 
genotype than the salt-tolerant genotype (Fan et al., 1989). Measurements of 
intracellular Ca2+, Na+, K+ and ATP in salinized root cells of salt-tolerant and 
sensitive genotypes are needed for a more complete understanding of the role 
the cation outward rectifier, or any other plasma membrane channel, may play 
in the processes that lead to Na+ uptake or exclusion from plants grown in 
saline conditions. 
CHAPTER 5 
The expression of salt tolerance from Triticum tauschii in 
hexaplold wheat 
Abstract 
Variation for salt tolerance within accessions of Triticum tauschii {Coss.) 
Schmal. (D genome donor to hexaploid wheat) was shown in Chapter 2. The 
aim of the work described in this chapter was to determine whether the 
different levels of salt tolerance in the diploids would be expressed at the 
hexaploid level. Synthetic hexaploids were produced from two salt-sensitive 
tetraploid wheats { T. turgidum L.), three T. tauschii accessions that were 
intermediate in salt tolerance and two salt-sensitive T. tauschii accessions. A 
salt-tolerant T. aestivum L. and a salt-sensitive T. turgidum cultivar were grown 
as standards. The T. tauschii accessions and wheat cultivars also differed in 
the Na+ concentration that accumulated in leaves under saline conditions. 
The degree of salt tolerance of the hexaploids was evaluated as the grain 
yield in 150 mol m-3 NaCl relative to grain yield in 1 mol m-3 NaCl (control). 
The salt tolerance of all the synthetic hexaploids was greater than the 
tetraploid parents. Three synthetic hexaploids varied in salt tolerance with the 
source of their D genome which demonstrates that genes for salt tolerance 
from the T. tauschii are expressed at the hexaploid level. 
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Introduction 
Hexaploid wheat ( Triticum aestivum) is distinctly different from 
tetraploid wheat ( T. turgidum) in many phenotypic characters. These 
differences are due to nuclear genes from T. tauschii (the O genome donor) 
through changes in ploidy level, or by the interaction between genes on the 
A, B and O genome. The effect of nuclear genes from T. tauschii on tetraploid 
wheat is well documented in the case of storage proteins. The modification of 
storage proteins in the grain upon the addition of the O genome results in flour 
that is suitable for bread baking (Orth and Bushuk, 1973). 
T. aestivum is generally more salt-tolerant than T. turgidum (Shah et al., 
1987; Rawson et al., 1988b). The higher salt tolerance of bread wheat is 
believed to be due to the lower concentrations of Na+ in the leaves. Evidence 
for genes from T. tauschii that control the rate of Na+ accumulation come from 
studies on ditelocentric T. aestivum cv. Chinese Spring lines that were grown 
in NaCl. The absence of the long arm of the 40 chromosome corresponded to 
an increase in the Na+ concentrations of plants grown in saline conditions 
(Gorham et al., 1987). However, the absence of the long arm of the 40 
chromosome also produced a plant that was 50°/o smaller than the hexaploid 
or another aneuploid (40L - missing the short arm of 40) under saline 
conditions (Appendix 5.1 ). In this case it is difficult to distinguish whether the 
increase in Na+ concentration was due to the decreased growth of the 
aneuploid, or to the deletion of a gene regulating the transport of Na+, 
because plant growth rate may influence the ion co_ncentrations in leaves 
(Munns et al., 1983). Another study examined the effect of the addition of the 
entire O genome to tetraploid wheat on plants grown in saline and non-saline 
conditions (Shah et al., 1987). The hexaploids had lower leaf Na+ 
concentrations and were more tolerant of salinity than the tetraploid parent. In 
that study, specific O genome effects or effects due to increased ploidy level 
were difficult to separate, because of the narrow range of diploids that were 
used to synthesize the hexaploids. 
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To determine whether there are specific genes on the diploid D 
genome that confer salt tolerance, I began by screening 415 T. tauschii 
accessions for leaf Na+ concentration and salt tolerance (Chapter 2) . 
Accessions were identified and synthetic hexaploids were produced from 
tetraploid wheats and from T. tauschii accessions that were intermediate in 
tolerance to salinity and had a low rate of Na+ accumulation; and from 
accessions that were sensitive to salinity and had a higher rate of Na+ 
accumulation. In this study the synthetic hexaploids, tetraploid parents and 
two cultivars of known salt tolerance were grown under saline and non-saline 
conditions to test whether the synthetic hexaploids differed in salt tolerance 
according to the source of their D genome. Comparison these synthetic 
hexaploids will help determine whether there are specific nuclear genes from 
more salt-tolerant T. tauschii accessions encoding for reduced Na+ 
accumulation rate and enhanced salt tolerance. 
Materials and Methods 
Plant Material 
Pollen from Triticum tauschii accessions CPI 110756, CPI 110649, CPI 
110813, CPI 110791, and AUS 18905 was used to fertilize emasculated 
florets of T. turgidum cv. Langdon or T. turgidum cv. Algeria 33. CPI 110756, 
CPI 110649 and CPI 110813 are intermediate in their tolerance to salinity; 
whereas CPI 110791 and AUS 18905 are sensitive to NaCl salinity (Chapter 
2). T. turgidum cv. Langdon and 'Algeria 33' are sensitive to salinity (Shah et 
al., 1987; Schachtman, unpublished). Hybrid embryos (triploid) were rescued 
using sterile techniques about 14 days after pollination. Endosperm tissue 
containing embryos was sterilized by soaking in the following three solutions 
for 5 minutes each: 70°/o ethanol, sterile distilled water and 0.6 °/o hypochlorite . 
The sterilized tissue could then be kept in sterile water for up to 3 h. Embryos 
were excised and the scutellum side was placed on a slanted sterile agar 
medium held in plastic vials about 8 cm in height and 3 cm in diameter. The 
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medium was adjusted to pH 5.5 and contained in g/1: 0.95 KN03, 0.18 MgS04, 
0.72 NH4N03, 0.17 CaCl2, 0.07 KH2P04, 0.02 MnS04, 0.01 ZnS04, 0.01 
H3B03, 0.0003 Na2Mo04, 0.0025 CuS04, 0.04 FeS04, 0.03 Na2EDTA, 0.10 
myo-inositol, 30.0 sucrose, 6.0 agar. 
Embryos were kept in the dark until the coleoptile and roots began to 
develop (Plate 5.1 A). The seedlings were transferred into low light conditions 
at 250c until the second leaf had emerged, then transplanted to soil in a 
glasshouse. At the fifth leaf stage plants were removed from the soil, roots 
were washed to remove all soil and cut back to 3 cm in length. The entire 
plant was then immersed in 0.05°/o colchicine (Sigma) for 5 h to double the 
chromosome number and thus create synthetic hexaploids. Following the 
colchicine treatment plants was transferred to water that was changed each 30 
min for 2 h. The leaves were trimmed, then plants were repotted and put 
under a translucent covering until they began to recover from the colchicine 
treatment. Plants were selfed and then grown to maturity. Seeds from the 
'Langdon' x T. tauschii CPI 110756 used in the following experiment were C2 
(progeny of the first generation after colchicine treatment) whereas the other 
synthetic hexaploids were C3. The successful hybridization and colchicine 
treatment was shown by a high percentage of spikelet fertility and the change 
in head morphology (Plate 5.2). 
No data is presented for the synthetic hexaploid produced with 
'Langdon' x T. tauschii AUS 18905. The C3 generation of these synthetic 
hexaploids exhibited the characteristics of grass clump (Worland and Law, 
1980). They grew poorly under saline conditions and died without setting 
seed. In control conditions these hybrids also grew poorly with only a few 
plants producing seed. 
T. aestivum cv. Kharchia (salt-tolerant) and T. turgidum cv. Modoc 
(salt-sensitive) were used as standards as their salt tolerance has been 
documented in other experiments (Chapters 2, 4). Kharchia was more salt-
tolerant based on biomass prior to heading, and accumulates less Na+ in leaf 
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five on the main stem, than Modoc. Wide crosses were attempted using 
Modoc and the T. tauschii accessions CPI 110664 and CPI 110835 with no 
success. 
Growth experiment 
Plants were grown at 150 mol m-3 NaCl and 1 mol m-3 NaCl in full 
strength nutrient solution. Nutrient solutions and NaCl were added following 
the same protocol as described in Chapter 2. At maturity 12 plants of each 
genotype were harvested from the salinity treated tanks and 10 plants from the 
control tanks. Straw, leaves and grain were dried at 700c and then weighed. 
Kernel weight was determined by weighing two lots of 100 seeds or by 
weighing all the seeds that a plant produced. Plate 5.1 B shows salinized 
plants in growth experiment. 
Na+ analysis 
When the fifth leaf on the main stem was fully emerged, eight plants 
from each genotype were harvested and the lamina of leaf 5 was rinsed in 
deionized water and oven dried at 700c. Leaves were extracted in 50 ml of 
500 mol m-3 HCI that was heated to 350c (Hunt, 1982) and analyzed for Na+ 
with an atomic absorption spectrophotometer (Varian SpectraAA - 300). 
Salt tolerance 
Salt tolerance is defined here in terms of relative grain yield which is 
the yield in saline relative to non-saline conditions. Grain yield is used 
because it may be of greater agronomic significance than dry matter yield, 
even though these studies were conducted in the glasshouse and therefore 
were not directly comparable to plants grown in the field. Although it may be 
difficult to determine why grain yield is reduced under saline conditions, 
important processes such as carbon export to grain and fertility are integrated 
into the parameter of grain yield. 
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Results 
'Langdon' x T. tauschii CPI 110756, CPI 110649, CPI 110791 
The addition of the D genome from T. tauschii CPI 110756, CPI 110649 
(intermediate in salt tolerance) and CPI 110791 (salt-sensitive) resulted in 
synthetic hexaploids that had about 50°/o more dry matter (i.e. stems, leaves 
and chaff) than the tetraploid 'Langdon' under control conditions. Because 
some of the indeterminate characteristics of T. tauschii were retained, 
synthetic hexaploids grew longer and therefore accumulated more dry matter 
than 'Langdon'. Although the dry matter yields were greater in the synthetic 
hexaploids than in 'Langdon', the grain yields under control conditions were 
about the same (Table 5.1 ). The similar grain yield resulted in a lower harvest 
index for the synthetic hexaploids. Grain yield under control condition in the 
synthetic hexaploids may be limited by the number of kernels per spike, which 
was significantly higher in 'Langdon' (Table 5.1 ). 
The salt-tolerance of all three synthetic hexaploids was greater than 
'Langdon'. Both relative grain yield (Fig. 5.1 a) and absolute grain yield under 
saline conditions (Table 5.1) was increased by the addition of a D genome. 
Although the dry matter of the synthetic hexaploids grown in saline conditions 
was greater than that of Langdon (Table 5.1 ), the percentage reduction in dry 
matter was about the same in 'Langdon' and the three synthetic hexaploids 
(Fig. 5.1 b). Kernel number per spike was higher in 'Langdon' than the 
synthetic hexaploids under control conditions (Table 5.1); whereas the relative 
kernel number per spike (i.e., saline vs. non-saline) was more stable in the 
synthetic hexaploids (Fig. 5.2a). Kernel weight was also more stable in the 
synthetic hexaploids (Fig. 5.2b). 
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Table 5.1 Mean of yield components (±standard error) for individual plants grown in 1 mol m-3 NaCl (ctrl) and 150 mol m-3 (salt). 
Genotl.ee 
Lang756 B 
Lang649B 
Lang791B 
T. turgidum 
'Langdon' 
Dry matterA 
(g/plant) 
ctrl salt 
95 ±22 21 ±1 
93 ± 29 22 ±2 
99 ± 22 18 ±1 
48 ± 3 10 ±1 
42± 7 13 ± 1 
Grain yield Stem height Harvest index Kernel weight Number of kernels 
(g/plant) (m) (mg) per spike 
ctrt salt ctrl salt ctrl salt ctrl salt ctr! salt 
28±6 12.6 ± 1 1.3 ± 0.1 1.0 ± 0.02 0.23 ± 0.02 0.37 ± 0.01 46±2 44±2 30 ± 1 24 ± 1 
30.5 ± 8 11.8 ± 1 1.5 ± 0.2 1.0 ± 0.02 0.25 ± 0.07 0.35 ± 0.03 49 ± 3 41 ± 2 26 ± 3 24 ± 1 
37.2±6 7.8± 1 1.3±0.1 1.0 ± 0.03 0.27 ± 0.04 0.31 ± 0.01 51 ± 1 38 ± 2 35 ± 3 25 ± 1 
27 ±3 1.7 ± 0.2 1.2 ± 0.1 1.0 ± 0.02 0.36 ± 0.01 0.15 ± 0.02 38 ± 2 10 ± 1 53 ± 2 29 ± 2 
33.1 ± 4 8.3 ± 1 1.0 ± 0.02 0.8 ± 0.02 0.44 ±...0.05 0.40 ± 0.06 42 ± 2 28 ± 2 45 ± 2 41 ± 6 T. aestivum 
'Kharchia' 
T. turgidum 
'Modoc' 
19 ±3 5 ± 0.5 11 ± 2 1.3 ± 0.2 0.7 ± 0.1 0.6 ± 0.02 0.37 ±_0.03 . 0.22 ± 0.03 25 ± 3 12 ± 1 42 ± 4 23 ± 2 
Aory matter = stems, leaves and chaff 
Br. turgidum'Langdon'x T. tauschiiCPI 110756, CPl110649,orCPI 110791 
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Figure 5.1 Relative (a} grain yield and (b} above ground dry matter of selected wheat varieties. 
Relative refers to the quantity measured in saline versus control conditions. Triticum turgidum 
cv. Langdon X T. tauschii CPI 110756 (Lang756} or CPI 110649 (Lang649} or CPI 110791 
(Lang791}; two tetraploids T. turgidum cv. Langdon, cv. Modoc and T. aestivum cv. Kharchia. 
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Figure 5.2 Relative (a) number of kernels per spike and (b) kernel weight of selected wheat 
varieties. Relative refers to the quantity measured in saline versus control conditions. Triticum 
turgidum cv. Langdon X T. tauschii CPI 110756 (Lang756) or CPI 110649 (Lang649) or CPI 
110791 (Lang791); two tetraploids T. turgidumcv. Langdon, cv. Modoc and T. aestivumcv. 
Kharchia. 
Tolerance of salinity measured in terms of grain yield varied among the 
synthetic hexaploids with the source of their D genome. 'Langdon' x T. 
tauschii CPI 110756 (Lang756) and 'Langdon' x T. tauschii CPI 110649 
(Lang649) contained T. tauschii genomes that were intermediate in salt 
tolerance and 'Langdon' x T. tauschii CPI 110791 (Lang791) contained a T. 
tauschii genome that was sensitive to saline conditions. The absolute yield 
under saline conditions (Table 5.1) and the relative yield (Fig. 5.1 a) was 
higher in Lang756 and Lang649 than Lang791. An increase in harvest index 
for Lang756 and Lang649 under saline conditions was due to the high relative 
grain weight and kernel number (Figs. 5.2). Grain yield in all three synthetic 
hexaploids was reduced by salinity because of a decrease in spike number. 
The number of spikes produced per plant decreased by 50°/o under saline 
conditions. The response of kernel weight and kernels per spike to salinity 
differed among the three hexaploids. Both kernel number and kernel weight 
were reduced in Lang791 (Fig. 5.2). In the other two synthetic hexaploids 
either kernel weight or kernel number was reduced, not both (Fig. 5.2). 
'Langdon' and 'Algeria 33' x T. tauschii CPI 110813 
Two hexaploids were synthesized with T. turgidum cv. Langdon or 
'Algeria 33' and T. tauschii CPI 110813. CPI 110813 was intermediate in its 
tolerance to salinity. The T. turgidum cv. Langdon x T. tauschii CPI 110813 
(Lang813) hexaploids differed in height in the second generation. Some were 
only 0.8 m (Table 5.2) while others were similar ta the other synthetic 
hexaploids produced with 'Langdon', about 1.2-1.5 m in height (Table 5.1 ). 
The shorter Lang813 synthetics were used in this study because they were 
more similar in height to the synthetic hexaploid produced with T. turgidum cv. 
Algeria 33 x T. tauschii CPI 110813 (Alg813) (Table 5.2). Data are not 
presented for synthetic hexaploids with CPI 110813 that were grown in control 
conditions because these hexaploids were unable to compete with the taller 
plants they were growing amongst. Competition was not a problem in the 
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saline treatment because the height and tillering of all the genotypes was 
sufficiently reduced by the salinity. Therefore no conclusions can be made 
about salt tolerance based on relative yields for these two synthetic 
hexaploids. 
Under saline conditions grain yields of the synthetic hexaploids with the 
D genome from T. tauschii CPI 110813 were higher than 'Langdon' or 'Algeria 
33'. Grain yields were 3.5 times higher in Alg813 than in the tetraploid parent 
'Algeria 33'. The grain yields of Lang813 were 2.7 times higher than 
'Langdon'. Dry matter yields of Alg813 under saline conditions were 1.5 times 
higher than 'Algeria 33', which was in contrast to a slight decrease in dry 
matter in Lang813 as compared to 'Langdon' (Table 5.2). The slight decrease 
in dry matter was probably due to the short height of Lang813. Kernel weight 
was much greater in the two synthetic hexaploids than the tetraploids. Kernel 
number was higher in Alg813 than 'Algeria 33', but was lower in Lang813 
than 'Langdon' (Table 5.2). 
Table 5.2 Mean of yield components (±standard error) for plants grown in 
150 mol m-3 NaCl. 
Dry matter Grain yield Stem height Harvest Kernel Number of 
Genotype (g/piant) (g/plant) (m) index weight kernels per 
Alg813A 
T. turgidum 
'Algeria 33' 
Lang813B 
(mg) 
10.5 ± 1.3 0.8 ± 0.01 0.34 ± 0.02 39 ± 4 
3.0 ± 0.5 0.7 ± 0.02 0.20 ± 0.04 14 ± 1 
4.6 ± 0.8 0.6 ± 0.04 0.32 ± 0.06 33 ± 3 
T.turgidum 10±1 1.7±0.2 1.0±0.02 0.15±0.02 10±1 
'Langdon' 
Ar. turgidumcv.Algeria 33 x T. tauschiiCPI 110813 
B T. turgidum cv.Langdon x T. tauschii CPI 110813 
spike 
31 ± 1 
20 ±4 
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'Kharchia' and 'Modoc' - cultivar standards 
Although these cultivars were shorter in height than many of the 
synthetic hexaploids, they were able to complete their life cycle in control 
conditions before competition for light became too severe. Even if competition 
reduced the yield of Modoc under control conditions, it would have appeared 
to be more salt-tolerant in terms of relative yield. Under these experimental 
conditions 'Kharchia' was more salt-tolerant than 'Modoc' in terms of absolute 
or relative grain yield (Fig. 5.1 a & Table 5.1 ). In both 'Kharchia' and 'Modoc' 
the weight per kernel was reduced under saline conditions (Fig. 5.2b). 
However, in 'Kharchia' the number of kernels per spike remained constant 
whereas in 'Modoc' the number of kernels per spike was lower (Fig. 5.2a). As 
in the synthetic hexaploids and 'Langdon' comparison, relative dry matter was 
not as different between 'Modoc' and 'Kharchia' (Fig. 5.1 b) as relative grain 
yield (Fig. 5.1 a). The harvest index in 'Kharchia' was stable whereas in 
'Modoc' it decreased. 
The relative grain yield of 'Kharchia' was reduced as much as that of 
Lang791 which contained the most sensitive T. tauschii genome (Fig 5.1 a). 
The relative kernel weight of 'Kharchia' also decreased more than any of the 
synthetic hexaploids (Fig. 5.2b). The tetraploid 'Modoc' was as sensitive to 
salinity as 'Langdon' in terms of relative grain yield. Under saline conditions 
'Modoc', 'Langdon', and 'Algeria 33' produced the smallest grains which were 
between 12 and 14 mg (Table 5.1, 5.2). 
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Na+ concentrations in leaf 5 
Na+ concentration in the fifth leaf was related to salt tolerance. The 
synthetic hexaploids had a 60-80o/o lower Na+ concentration of leaf 5. The 
Na+ concentration of the fifth leaf in the synthetic hexaploids Lang756 and 
Lang649, was lower than in Lang791 (Fig. 5.3). Kharchia had lower Na+ 
concentrations in leaf 5 than any other genotype. The concentration of Na+ in 
leaf 5 of Kharchia was about 5 times lower than in Modoc and 2 times lower 
than the synthetic hexaploids (Fig. 5.3). 
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Figure 5.3 The Na+ concentrations (± standard errors) in leaf 5 of selected wheat varieties 
grown in 150 mol m-3 NaCl. T. turgidum cv. Langdon X T. tauschii CPI 110756 (Lang756) or CPI 
110649 (Lang649) or CPI 110791 (Lang791) or CPI 110813 (Lang813); T. turgidum cv. Algeria 
33 X T. tauschiiCPI 110813 (Alg813); three tetraploids T. turgidumcv. Langdon, cv. Modoc, cv. 
Algeria 33; and T. aestivum cv. Kharchia. 
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Discussion 
In this study salt tolerance was greater in all the synthetic hexaploids 
than in the tetraploid parent. Salt tolerance here is defined as relative grain 
yield; however absolute grain yield under saline conditions is also an 
important factor to consider. The increased salt tolerance in all synthetic 
hexaploids was probably not due to effects that may be associated with 
polyploidy. When ploidy level increases from tetraploid to hexaploid cell size, 
growth rate or photosynthetic rate do not increase (Evans and Dunstone, 
1970). Furthermore, ploidy level alone does not appear to be an important 
factor in determining leaf Na+ concentration, because diploids have been 
identified that have similar low leaf Na+ concentration as hexaploids 
(Chapters 2, 4). Therefore the D genome should contain genes that reduce 
the Na+ accumulation rate in hexaploids. By reducing the amount of Na+ 
transported to leaves the leaf longevity of T. aestivum is increased. Since 
about 90°/o of the carbohydrate in grain comes from photosynthesis after 
anthesis in well-watered plants (Evans et al., 1975), the higher leaf area on T. 
aestivum than T. turgidum in the later stages of development should at least 
partially account for the higher yields under saline conditions. Higher rates of 
Na+ accumulation that led to leaf death and a low leaf area after anthesis, 
presumably led to the very low kernel weight (Tables 5.1, 5.2) of the T. 
turgidum cultivars in saline conditions. 
Interaction between the entire D and A, B genomes may be as 
important in salt tolerance as the source of the D genome. The effect of 
genome interaction was tested in this study in two ways: 1) by using a 
common T. tauschii parent with different tetraploid parents; 2) by using a 
common tetraploid parent with different T. tauschii parents. 
Few reports describe the interaction between one T. tauschii parent, 
and several T. turgidum parents. In one case no difference was found 
between two synthetic hexaploids produced from different tetraploid parents in 
their resistance to cereal cyst nematode (Eastwood et al., 1991 ). In contrast, 
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crosses between one T. tauschii source and several T. turgidum cultivars 
showed that the interaction between the high-molecular-weight subunits of 
glutenin from T. tauschii and those donated by tetraploids resulted in baking 
quality differences (Lagudah et al., 1987). In this study the yield increase due 
to the addition of the D genome varied slightly with different tetraploid parents , 
under saline conditions. The percentage increase in grain yield of Alg813 
over 'Algeria 33' was higher than the percentage yield of Lang813 over 
'Langdon' (Table 5.2). This may indicate that interaction between the 'Algeria 
33' (AABB) and T. tauschii CPI 110813 (DD) was more favorable in terms of 
salt tolerance. Lower relative yields of Lang813 could also have been due to 
lower fertility as evidenced by the low number of grains per spike (Table 5.2) 
or due to the short height of the Lang813 synthetic hexaploid used in this 
study. Both a gene for reduced heig-ht and genes for salt tolerance may be 
located on the 40 chromosome and in this case there may be some genetic or 
physiological linkage between these traits. 
The interaction between a common tetraploid parent and several T. 
tauschii accessions differing in salt tolerance was also tested in this study. 
The degree of salt tolerance and the leaf 5 Na+ concentration in three of the 
synthetic hexaploids differed with the source of the D genome. The salt 
tolerance of the synthetic hexaploids derived from T. tauschii accessions 
intermediate in tolerance of salinity (Lang756, Lang649) was greater than 
Lang791 which was derived from the salt-sensitive accession. The 
differences among these synthetic hexaploids suggest that there are nuclear 
genes, from diploids expressed at the hexaploid level, that reduce the rate of 
Na+ accumulation in leaves and enhance salt tolerance. 
The expression of salt tolerance and Na+ accumulation rate from T. 
tauschii at the hexaploid level was not unexpected. Others (Dvorak and Ross , 
1986; Forster et al., 1987) have shown that salt tolerance from wild grass 
species was expressed in an amphiploid with T. aestivum cv. Chinese Spring. 
Genes coding for traits such as resistance to disease from T. tauschii, have 
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also been expressed at the hexaploid level, but may also be modified by the 
tetraploid wheat parent (reviewed by Appels and Lagudah, 1990). If the level 
of salt tolerance conferred by T. tauschii is as high as that of other wild 
relatives, it will be the most promising source of germplasm for improving the 
salt tolerance of wheat, because of the recombination between the D genome 
of wheat and T. tauschii. 
The difference in salt tolerance between three synthetic hexaploids, 
according to the source of the D genome, is initial evidence for specific 
nuclear genes for salt tolerance in certain T. tauschii accessions. Further 
studies (in Chapter 6) using crosses between divergent T. tauschii accessions 
and molecular mapping techniques will be used to confirm the number and 
location of these nuclear genes encoding for salt tolerance and Na+ transport. 
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Chapter 6 
Molecular mapping of Na+ accumulation rate - a trait conferring 
salt tolerance to Triticum tauschii 
Abstract 
The aim of this study was to resolve the rate of Na+ accumulation into 
mendelian factors using molecular mapping techniques. Three F2 
populations derived from crosses between salt-tolerant and salt-sensitive 
Triticum tauschii accessions were grown in 150 mol m-3 NaCl together with 
their parental accessions. The Na+ concentration, an indirect measure of the 
Na+ accumulation rate, was determined in leaf 5 of individual F2 plants and in 
plants of the parental accessions that were used to generate the F2 
populations. One population was chosen for molecular mapping based on the 
large differences in leaf Na+ concentration in the leaves of the parental lines. 
A linkage map was constructed of the F2 population using isozyme and RFLP 
markers. Information from the linkage map and leaf Na+ concentration was 
analyzed to determine the location and number of loci controlling the rate of 
Na+ accumulation in the Triticum tauschii genome . At least one QTL was 
significantly associated with Na+ accumulation. This locus was located on the 
short arm of chromosome 40, near two other mapped genes that may be 
physiologically significant in plant response to salinity. 
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Introduction 
Restriction fragment length polymorphisms (RFLP) have recently been 
used to resolve quantitative traits into mendelian factors within plant 
populations (Paterson et al., 1989; Keim et al., 1990; Paterson et al., 1991 ). 
In the past, where isozymes have been used for quantitative trait mapping, 
only partial coverage of the genome was possible (Edwards et al., 1987). The 
RFLP technique potentially provides a large number of markers so that the 
entire genome of an organism may be split into intervals flanked by DNA 
markers. By dividing the genome into intervals flanked by RFLP markers a 
more powerful mapping technique called "interval mapping" can be used 
instead of the approach that identifies linkage to a single marker (Edwards et 
al., 1987). This technique allows the genetic locations of QTLs to be well 
resolved and reduces the number of progeny required to detect a QTL by 9-
280/o (Lander and Botstein, 1989). 
Genome mapping in wheat using RFLP markers is not as advanced as 
in other plants such as tomato, maize or rice (Bernatzky and Tanksley, 1986; 
Helentjaris, 1987; McCouch et al., 1988). However progress has been made 
in the mapping of chromosomes in wheat (Sharp et al., 1988; Chao et al., 
1989b; Sharp et al., 1989; Liu et al., 1990) and T. tauschii, the D genome 
donor to hexaploid wheat. Two recently published RFLP maps for Triticum 
tauschii - the D genome donor to hexaploid wheat cover a portion (Lagudah et 
al., 1991 a) or virtually the entire (Gill et al., 1991) genome. Together these 
maps provide over 150 DNA markers of known location that may be selected 
for QTL mapping. T. tauschii is an excellent model system for mapping 
because greater variation is found between T. tauschii accessions than wheat 
cultivars (Kam-Morgan et al., 1989). In addition genes identified in T. tauschii 
can be transferred to wheat directly (Gill and Raupp, 1987) or via synthetic 
hexaploids. 
The sequences of most of the DNA probes used in this study were 
unknown. Some DNA probes were from genes of known sequence and 
93 
function. One probe, a cDNA for a K+ channel from Drosophila was used 
because the regulation of K+ ion channels in plant root cells may determine 
salt tolerance (also see literature review and Chapter 4). With this cDNA, the 
role of K+ ion channels in salt tolerance could be tested and also the location 
of the gene in the T. tauschii genome could be determined. 
Little is known about the genetics of salt tolerance except perhaps in 
rice (Akbar et al., 1986). Sufficient variation was found for the rate of Na+ 
accumulation within a collection of 415 T. tauschii accessions to be used in 
this mapping study (Chapter 2). The sodium concentration in leaf 5 was 
negatively correlated with the salt tolerance of the selected accessions 
(Chapters 2,4) and was used in this study as a convenient measure of the rate 
of Na+ accumulation and salt tolerance. Several accessions that differed in 
the rate of Na+ accumulation (Chapter 3) were used as parents in crosses to 
produce segregating F2 populations. The leaf Na+ concentration phenotype 
in a segregating F2 population grown in 150mM NaCl was compared with the 
genotype as determined by RFLP and isozyme markers using MAPMAKER 
QTL (Lincoln and Lander, 1990). Using this technique the location and 
number of QTLs linked to the Na+ accumulation rate phenotype was 
determined. 
Materials and Methods 
Phenotype determination 
F2 progeny from three crosses between salt-tolerant and salt-sensitive 
T. tauschii accessions (Chapter 2) were grown in 150 mol m-3 NaCl. The 
three crosses were between T. tauschii CPI 110664 x AUS 18905 (7 4 
progeny), T. tauschii CPI 110664 x CPI 110791 (83 progeny) and T. tauschii 
CPI 110835 x CPI 110791 (96 progeny). Seeds from F1 plants and parental 
accessions were dried at 350c for one week and then imbibed in 1 o-6 M 
gibberellic acid at 40c for three days. Seeds were relatively "fresh" and 
therefore gibberellic acid was used to break dormancy. Germinated seeds 
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from each F2 population and the parental accessions were planted into a 
gravel culture hydroponic system as described in Chapter 2. There was one 
population per tank. Nutrient solutions and NaCl additions were added 
following the protocol described in Chapter 2. Plants were grown in NaCl for 
approximately 20 d from the first addition of NaCl. The emergence of the 
ligule indicated that the leaf 5 was fully expanded, at which time its lamina was 
removed, rinsed, dried, weighed and analyzed for its Na+ concentration as 
described in Chapter 2. Following the excision of leaf 5 the NaCl 
concentration in the nutrient solutions was diluted over a period of several 
days. Plants were grown for several more weeks in nutrient solution. One 
population ( T. tauschii CPI 110664 x AUS 18905), selected on the basis of 
Na+ accumulation data, was transplanted to soil then vernalized for 6 weeks. 
These plants served as a source of leaf material for DNA and isozyme 
analysis and seed for an analysis of the population in the F3 generation. 
Selective genotyping 
Fifty-eight progeny were selected for genotype determination from a 
population of 7 4 (population #2). Lander and Botstein (1989) suggested 
"selective genotyping" to reduce the costly biochemical analysis of large 
populations without losing the progeny that contain the most linkage 
information. Theoretically progeny that are more than one standard deviation 
from the mean make up 33°/o of the population but contain 81 °/o of the linkage 
information. By growing a larger population, and_selectively genotyping the 
same amount of linkage information is gathered. In this study some individual 
plants within 0.5 standard deviations from the mean of Na+ accumulation were 
eliminated to reduce the population size. The number of individuals that were 
"genotyped" was reduced by about 20°/o and virtually no linkage information 
was lost (Lander and Botstein, 1989). 
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DNA analysis of the population T. tauschii CPI 110664 x AUS 18905 
DNA from green leaves was extracted as described by Lagudah et al. 
(1991 b). Ten ug of genomic DNA was digested with a restriction 
endonuclease. Restricted genomic DNA was separated on a 1 °/o agarose gel. 
The gel was denatured, neutralized and then blotted to nitrocellulose filters 
(Biotrace - Gelman) (Southern, .1975). After the blotting (usually for 24 h) 
filters were baked at 80°C for two hours in a vacuum oven to fix the DNA to the 
nitrocellulose. Before filters were hybridized to radiolabelled probes, they 
were prehybridized in the 50°/o formamide hybridization solution without 
dextran sulfate (Lagudah et al., 1991 b). Filters were pre hybridized for 2 - 18 h. 
The two parental accessions were digested with one of the following 
five restriction endonuclease enzymes, Hind Ill, Barn HI, Ora I, Taq I or Eco 
RV. To determine whether any of these enzymes produced a restriction length 
polymorphism with a particular probe Southern blots were prepared and 
hybridized with radiolabelled DNA probes (as described above). Subsequent 
analysis was on DNA from the individual plants of the F2 population. DNA 
from plants in the F2 population was digested with the one enzyme that had 
produced the polymorphism when the parental DNA was tested. 
One hundred and fifty DNA fragments were used as probes for RFLP 
mapping. The majority of fragments were from random nuclear DNA clones 
from T. tauschii (Gill et al., 1991; Lagudah et al., 1991 a) and random cDNA 
clones from T. aestivum (Sharp et al., 1989, M.D. Gale). The probes of known 
sequence were: a ChlFBP cDNA from maize (T. ~shton) (Chao et al., 1989a), 
a cDNA for a protein induced upon seed imbibition - XGermin (Dratewka-Kos 
et al., 1989), a cDNA for one alcohol dehydrogenase gene - XAdh (L. 
Mitchell), a wheat endosperm ATP-dependent glucose-1 phosphate adenosyl 
transferase - XAgal (M. Olive), a cDNA for HMW glutenin (Carpenter), a 
genomic clone of the LMW gutenin gene (J. Dvorak), a dehydration induced 
cDNA - Xdhn (Close and Chandler, 1990), a rDNA genomic clone of the Nor 
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locus (Appels et al., 1986), a grain softness related protein gene - XGSP (S. 
Rahman) and a K+ channel cDNA (T. Schwarz). 
DNA fragments were radiolabelled by random priming (Feinberg and 
Vogelstein, 1983) with 32 P-dCTP using an oligolabelling kit (BRESATEC, 
South Australia). Hybridization of the radiolabelled probe with the DNA filter 
was at 420c in 50°/o formamide for at least 12 h. Filters were then washed for 
30 min intervals at 650C with three changes of 2X SSC 0.1 °/o SOS and the 
final wash at 1 X SSC 0.1 °/o SOS (1 X SSC;= 0.15M NaCl, 0.015M Na citrate) . 
Filters were then sealed in plastic wrap and put onto x-ray film at -7ooc for 1-2 
weeks or onto Phosphor-lmager screens (Molecular Dynamics) for 2 days. 
lmager screens were 15-200 times more sensitive to 32p than X-ray film, 
thereby reducing exposure times (Johnston et al., 1990). The imager screen 
designed to replace autoradiography could be erased in 4 min with a bright 
light source. Screens were analyzed with a laser and the results of the scan 
could be stored on a personal computer. These results could then be printed 
out on a laser printer. The computer was also used to enhance the image in 
the same way exposure time or intensifying screens enhance an image on x-
ray film. Using the Phosphoro-lmager it was possible to determine whether a 
probe was polymorphic for the parental accessions within two days. The 
polymorphic probes could then be reused on progeny filters because after two 
days their specific activity was still high. 
lsozyme analysis 
Four parental lines ( T. tauschii CPI 110664, CPI 110835, CPI 110791, 
AUS 18905) were screened with at least 20 different isozyme stains to 
determine the isozymes that would be polymorphic in the different 
populations. Two weeks after the salinity treatment was terminated roots from 
the selected population #2 ( T. tauschii CPI 110664 x AUS 18905) were 
flooded with full strength Hoagland solution to induce Adh activity in roots 
(Hanson and Brown, 1984). Root samples from the F2 population (#2) were 
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analyzed for Adh (alcohol dehydrogenase; E.C. 1.1.1.1) and leaf samples 
were analyzed for Pgd (phosphogluconate dehydrogenase; E.C.1 .1.1.44), 
Enp (endopeptidase; E.C. 3.4.99.1) and GPUT (glucose-1-phosphate 
uridyltransferase; E.C. 2.7.7.9). These 4 enzymes were previously determined 
to be polymorphic out of the 20 tested in the parental lines that were used to 
generate the selected F2 population. Samples were homogenized in 50 mol 
m-3 Tris-HCI pH 7.0 with 1 mg/ml dithiothreitol. Crude extracts were separated 
on horizontal 10°/o starch gels and stained for 2-4 hours. The location of three 
enzyme loci are known in wheat (Hart and Gale, 1990) or in barley (Brown et 
al., 1989). The isozyme GPUT has not been mapped in wheat or barley. 
Linkage analysis 
Analysis of segregating markers in the F2 population was performed 
using MAPMAKER 1.9 (version 1.0 described in Lander et al., 1987). Linkage 
groups were declared using a two point analysis when the LOO (log10 of the 
odds ratio) threshold exceeded 3.0 except where noted on the genetic map 
(Fig. 6.1 ). A multipoint analysis was then used to determine the order and 
distances between markers. Where LOO scores were below 3.0 and the 
chromosomal location was known from previous RFLP mapping of T. tauschii 
(Lagudah et al., 1991 a), from O genome ditelocentric lines or from 
homoeology in barley addition lines, the LOO stringency was relaxed and the 
multipoint analysis was used to determine order and distance (shown as a 
dotted line in Fig. 6.1 ). The orientation of the markers was determined with the 
multipoint analysis. Because of the large distances between some linkage 
groups the orientations shown may change as more markers become 
available. 
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Quantitative trait loci analysis 
Fourteen linkage groups were generated in the F2 population (#2) with 
MAPMAKER 1.9. The information from these linkage groups was then 
transferred to MAPMAKER QTL (Lincoln and Lander, 1990). The Na+ 
concentration of each F2 individual was transformed using a square root 
function to bring the distribution closer to that of a normal distribution and 
transferred to MAPMAKER QTL. The linkage map and trait information were 
analyzed using the method of interval mapping (Lander and Botstein, 1989) to 
determine the location of putative quantitative trait loci (QTL) (Paterson et al., 
1991) that control the rate of accumulation of Na+ in leaves of the selected T. 
tauschii accessions. 
Putative K+ channel locus determination 
A cDNA for an "A" type potassium channel "ShB" from Drosophila was 
provided by TL Schwarz (Tempel et al., 1987). The Bluescript plasmid 
containing the cDNA was multiplied in bacteria and then purified using a 
cesium banding technique (Sambrook et al., 1989). A portion of the cDNA 
containing the most highly conserved regions was cut out using Barn HI & Pst1 
restriction endonucleases and then separated on low melting point agarose 
gel. The fragment of the conserved region of the cDNA was then purified from 
the gel to be used as a DNA probe. To reduce the stringency of hybridization 
an aqueous hybridization solution (35 ml H20, 20 ml 50°10 dextran sulfate, 30 
ml 20X SSC, 5 ml 1 M Tris pH=8.0, 2 ml 0.5 M EDTA pH=8.0, 5 ml 1 OOx 
Den hart [100X Denhart = 10g Ficoll 400, 10g PVP, 10g BSA to 500 mis H20], 1 ml 20°10 
SOS, 1.7 ml denatured salmon sperm DNA 6mg/ml) was used at 65°C. Filters 
were washed twice at ssoc and twice at room temperature as described 
above. The potassium channel cDNA fragment was hybridized to two F2 
populations, the #2 population described above and the "F" population 
described by Lagudah et al. (1991 a). 
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Results 
Na+ accumulation in the fifth leaf was assayed for three segregating F2 
populations (Figs. 6.2 a,b,c). In populations #1 and #2 the frequency 
distributions of leaf Na+ concentration were skewed towards the parent with 
low Na+ concentrations (Figs. 6.2 a, b) The mean and range of leaf 5 Na+ 
concentrations in these two populations were very similar (Table 6.1 ). 
However, the mean leaf Na+ concentrations in the sensitive parental lines, 
used to generate population #1 and #2 were different . The mean leaf Na+ 
concentration of T. tauschii AUS 18905 was much higher than CPI 110791 
(Table 6.1 ). Population #3 is distinguished from the other two popuiations by 
the very high Na+ concentrations found in leaf 5 of seven F2 individuals. 
These high values were surprising because they exceeded the Na+ 
concentrations found in the sensitive-parent CPI 110791 by 3 to 4 times. The 
mean leaf Na+ concentration of population #3 also exceeds the mean leaf Na+ 
concentration of CPI 110791. As in the other two populations the distribution 
of leaf Na+ concentration in population #3 was skewed towards the lower leaf 
Na+ concentrations. Population #2 was selected for the QTL analysis because 
of the four fold difference observed in mean leaf Na+ concentrations between 
the parental lines. Leaf five Na+ concentration of each F2 plant in population 
#2 is shown in Appendix 6.1. 
Table 6.1 Na+ concentration(± the standard deviation) in the fifth leaf in mmol g-1 OW. Mean 
and range of leaf Na+ concentrations from three F2 populations of Triticum tauschii grown in 150 
mol m-3 NaCl. Also shown is the mean Na+ leaf concentration in mmol g-1 OW of 8 to 1 O plants 
of parental accessions that were crossed to generate the F2 populations. 
Population Mean Range T. tauschii T. tauschii T. tauschii T. tauschii 
leaf Na+ leaf Na+ CPI 110664 CPI 110835 CPI 18905 CPI 110791 
!tolerant} !tolerant} ! sensitive} ! sensitive} 
#1 0.45 ± 0.33 0.07 - 2.05 0.41 ± 0.22 0.69 ± 0.45 
#2 0.56 ± 0.38 0.07 - 2.07 0.41 ± 0.17 1.6 ± 0.91 
#3 1.00 ± 0.82 0.14-4.51 0.55 ± 0.31 0.8 ± 0.57 
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Figure 6.1 Tha genetic linkage map of seven chromosomes of Trilicum tauschii. The chromosomes are oriented with markers on the short arm at the 
top and long arm markers on the bottom . Tha linkage groups do not necessarily represent long and short arms as the location of the centromere Is not 
known on this map. The map distances were computed with the Kosambl function and are In centlmorgans. The dotted lines Indicate the markers that 
are linked with a LOO score of less than 3.0. The LOO score between XGermin and X?SglobA Is shown on map. 
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Figure 6.2 Frequency distribution of leaf Na+ concentration in mmol g·1 OW in the fifth leaf of 
individual plants from three F2 populations: a) T. tauschii CPI 110835 X CPI 110791 ; b) T. 
tauschii CPI 110664 X AUS 18905; c) T. tauschii CPI 110664 X CPI 110791. The black portions 
of the histogram in b) shows the plants that were removed from the genotype analysis as 
described in the section on "selective genotyping". 
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Twenty-nine percent (43/150) of the RFLP probes were found to be 
polymorphic between the parental accessions from population #2 . The 
probes used were repetitive sequences assaying as many as 9 to 15 bands, 
moderate/low repetitive sequences assaying as many as 2 to 8 bands and low 
copy sequences that assayed a single band. About 20 isozyme stains in two 
different buffer systems were tested. Four isozymes were polymorphic in 
population #2. In total 47 RFLP and isozyme markers, assaying 59 loci, were 
found to be polymorphic in population #2 ( T. tauschii CPI 110664 x AUS 
18905). Six markers assayed 2 to 6 multiple loci. The genotype/marker 
scores for each F2 individual are shown in Appendix 6.1. 
A linkage map (Fig. 6.1) was constructed with fourteen linkage groups 
that span approximately 470 cM of the Triticum tauschii genome as calculated 
using the Kosambi function (Kosambi, 1944). The previous published maps of 
T. tauschii range from about 550 cM (Lagudah et al., 1991 a) to 1550 cM (Gill 
et al., 1991 ). Thirteen of the fourteen chromosome arms are marked with at 
least two markers (Fig. 6. 1 ). No markers were found on the short arm of the 
group 3 chromosome. Five markers remain unlinked. 
The F2 segregation of DNA markers and isozymes were tested for 
significant deviations from expected mendelian ratios (1 :2:1 or 3:1) using the 
chi-square analysis. Where two parent alleles and the heterozygote were 
distinguishable all markers fitted the 1 :2:1 mendelian ratio. When one of the 
parental alleles was indistinguishable, markers were analyzed by chi square 
using a 3:1 ratio. In the case of markers with an e_xpected 3:1 ratio three loci 
deviated significantly from that ratio. One locus (XcslH84b) was characterized 
by a deficiency of alleles from T. tauschii CPI 110664. The other two 
(XcslH84f, XdhnB) cases had an excess of alleles from CPI 110664. 
The appropriate LOO threshold (log 1 o of the odds ratio - which is the 
chance that the data would arise from a QTL with this effect divided by the 
chance that it would arise given no linked QTL) for declaring that a quantitative 
trait locus is significant depends on the size of the genome and the spacing of 
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markers. From the map produced by Gill et al. (1991) the genetic length of the 
genome is at least 1500 cM. The linkage map used for this work therefore 
only covers one third or less of the genome. The average spacing of the 
markers chosen for the QTL analysis (shown in Fig. 6.3) was calculated as 16 
cM using the Kosambi function (Kosambi, 1944) or 18 cM using the Haldane 
function (Haldane and Waddington, 1931 ). The Haldane function was used 
by MAPMAKER QTL to generate QTL likelihood plots. Based on Figure 4 in 
Lander and Botstein (1989) a LOD threshold of greater than 2.0 was chosen 
as the significance threshold. This corresponds to an organism with about 5 
chromosomes ( 5 was chosen as an estimate of the genome size covered by 
this partial linkage map) and a linkage map with markers spaced on average 
every 20 cM. 
The likelihood and position of .a QTL is shown with likelihood plots. At 
each cM interval between markers the LOD score was plotted (Fig. 6.3). The 
likelihood plots were generated using an unconstrained genetic model, which 
takes into account additive, dominance, and recessive effects. One "factor" 
was found with this analysis to be significantly associated with the Na+ 
concentrations in leaf 5 in this F2 population of T. tauschii. The most likely 
interval in which the locus lies is on chromosome 4 between the Germin cDNA 
marker and the 7SglobA marker (Fig. 6.3d). This single locus explains 29°/o of 
the phenotypic variance that was observed (LOD = 2.12). To determine the 
action of this QTL on group 4, likelihood models were constrained to additive, 
dominant or recessive modes of gene action (Lander and Botstein, 1989; 
Paterson et al., 1991 ). Recessive and additive modes of gene action were 
equally likely, whereas a dominant mode could be ruled out as statistically 
unlikely. In three other locations on this linkage map the LOD scores exceed 
1.5 (Fig. 3b,c,g). If these loci were considered to be significant they would 
explain 33°/o (group 2), 20°/o (group 3) and 12o/o (group 7) of the phenotypic 
variance. Taken as a group, these four loci explain 84°/o of the phenotypic 
variance with a LOD value of 6.7. 
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Figure 6.3 LOO scores for Na+ concentration along a portion of seven Triticum tauschii 
chromosomes: a) 1; b) 2; c) 3; d) 4 ; e) 5; f) 6; g) 7. Quantitative trait loci (QTL) likelihood maps 
indicate the LOO scores at every centimorgan between two or more markers. A line has been 
drawn connecting each one centimorgan interval between linked markers. On one 
chromosome as many as three linkage groups are shown. Distances between linkage groups 
are unknown. Markers are shown along the x axis and distances have been computed using the 
Haldane function and are in centimorgans with MAPMAKER QTL. A significant QTL lies on 
chromosome 40 where the LOO scores exceed 2.0. Note the different scales on x-axis. 
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Figure 6.3 continued, LOO scores 
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A putative K+ channel gene was mapped using a heterologous probe 
from the shaker mutant in Drosophila (Papazian et al., 1987). The 
hybridization of this gene to plant DNA was sometimes difficult, when the 
conditions of stringency were even slightly increased, e.g. by using formamide 
in the pre-hybridization solution. However, in one population (F population, 
Lagudah et al., 1991 a) 5 bands were present, with an Eco RV digest, of which 
two were polymorphic. When mapped, one band was linked to Xpsr163 with a 
LOO score of 7.12 (Fig. 6.4). The other band remains unlinked. Within the 
Eco RV digested DNA from population #2 at least two bands were consistently 
seen when hybridized to the K+ channel probe. Unfortunately these bands 
were not polymorphic in the population (#2) that was used for QTL mapping of 
Na+ accumulation, with about 20 different enzyme digestions. 
Group 4 CK+ channel locus In 
the F population of T. tauschil) 
X7sglobA 
25 
XGermln 
1 6 
4 Adh2 
5 
Xpsr163 
X K+channel 
Figure 6.4 A linkage map of a portion of the 40 chromosome from T. tauschii population "F" 
(Lagudah et al., 1991 a) showing the most likely position of a K+ channel gene that was detected 
using a cDNA of a K+ channel from Drosophila. Distances are in cM calculated with the Kosambi 
function . 
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Discussion 
Other mapping studies have used populations that maximize the 
restriction fragment length polymorphisms detected. Up to 75°/o of markers 
tested were found to be polymorphic in segregating F2 populations of T. 
tauschii (Gill et al., 1991) and rice (McCouch et al., 1988). In soybean (Keim et 
al., 1990) a lower rate of polymorphism was detected, about 40°/o. The high 
success rate of RFLPs in those studies was due to the divergence of the 
parental lines and is associated with segregation ratios that deviate 
significantly from mendelian ratios. In tomato 51 °/o of markers, in T. tauschii 
25°/o of markers, in rice 18°/o of markers and in soybean 13 °/o of markers 
deviated significantly from 1 :2:1 or 3:1 mendelian ratios. These deviations 
were the result of translocations, gametic selection, or some other mechanism. 
Although these deviations may be desirable for mapping studies they may not 
be useful when introgressing a gene from a wild species and may be 
unavailable to a plant breeder working with less divergent parents. 
Three populations were tested for Na+ accumulation in this study. 
Population #2 was chosen on the basis of the large differences between the 
mean leaf Na+ concentration of the two parental accessions ( T. tauschii CPI 
110664 and AUS 18905) (Table 6.1 ). Theoretically (Lander and Botstein, 
1989), and in practice (Paterson et al., 1991 ), QTLs are easier to detect as the 
phenotypic difference between parents becomes larger. Although two other 
populations were more polymorphic for RFLP markers (data not shown), the 
mean leaf Na+ concentration of those parental accessions may not be far 
enough apart to easily detect QTLs for Na+ accumulation. On one hand the 
populations not chosen would have made it more difficult to detect QTLs and 
on the other hand the low level of polymorphism in the population selected for 
mapping made it more difficult to produce a linkage map. Approximately one 
third of the T. tauschii genome (based on a genome size of about 1500 cM 
(Gill et al., 1991) was covered by 43 markers from testing 150 markers. The 
lower success rate with RFLPs in the population used in this study was also 
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associated with only 5°/o of loci deviating from expected mendel ian rat ios. The 
dilemma in this study between choosing a population based on trait data or on 
genotype data is one that plant breeders will face as they adopt RFLP 
technology. The lower rate of RFLPs found in this mapping population 
suggests that very dense maps will be needed to provide an adequate 
number of markers for RFLP mapping within species. Two recent studies 
confirm that polymorphism will be low in crosses within species (Guo et al., 
1991; Kochert et al., 1991 ). If 150 markers were needed to cover at least one 
third of the T. tauschii genome it is possible that in crosses between cultivated 
wheat at least 450 markers will be needed to cover that genome. In wheat, the 
number of biochemical analyses may be reduced by first using monosomic 
analysis to locate a trait to one specific chromosome, followed by the RFLP 
mapping of single chromosome(s). _ 
Large differences have been shown in the salt tolerance between T. 
tauschii CPI 110664 or CPI 110835 (tolerant) and CPI 110791 (sensitive). In 
this study the difference in leaf Na+ concentration between these accessions 
was relatively small. These relatively low values in leaf Na+ concentration 
measured in CPI 110791 were subsequently explained by the detailed studies 
on the rate and extent of Na+ accumulation (Chapter 3). Those data indicate 
that CPI 110791 is salt sensitive partly because it does not tolerate as high of 
a leaf Na+ concentration as other accessions. The crosses with CPI 110791 
should provide good material for mapping the mechanism of cellular tolerance 
to Na+ as described in Chapter 3. This trait could be mapped by measuring 
the Na+ concentration in the dead leaf 3 or 4 of a segregating F2 population. 
The tolerant parent should have 2.5 - 3.0 mmol g-1 OW Na+ in dead leaves 
and the sensitive parent should average 1.6 - 2.0 mmol g-1 OW Na+ in dead 
leaves. 
The LOO scores in this study were in general lower than those found by 
Paterson et al. (1991 ). In that study LOO scores ranged from 2.3 to 21 .5 for a 
trait of high heritability (h2 = 0.45) and 2.4 to 6 for a trait of lower 
I 
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heritability (h2 = 0.15). The highest LOO score in this study was about 2.1. 
This is surprising because Na+ accumulation has been shown to have high 
heritability (Akbar, et al., 1986; Figdore et al., 1989). There may be several 
explanations for the low LOO scores. According to theoretical considerations 
outlined by Lande and Thompson (1990) the number of markers used in this 
study was sufficient to identify some significant QTLs; however the population 
size may have been slightly smaller than optimal. The population size used in 
this mapping study was only 58 whereas Paterson et al. (1991) "genotyped" 
350 F2 progeny. However, 60 F2 plants were "genotyped" in a study on 
soybean and significant associations were detected by an analysis of variance 
(Keim et al., 1990). The significance level in the soybean study was 
equivalent to that used by Paterson et al. (1991 ). A second reason for the low 
LOO scores may be due to the nature of the trait measured, i.e. Na+ 
concentrations in leaves. Leaf Na+ concentrations changes through time 
(Chapter 3) therefore sampling time is very important. The Na+ data used for 
the QTL analysis were from single F2 plants which may have resulted in a 
considerable amount of random variation. In soybean the quantitative trait 
phenotype was measured on field plots of F3 progeny. The large sample size 
in that study may have improved the accuracy of the phenotype that was 
measured. In tomato (Paterson et al., 1991) there was little improvement in 
the LOO scores when F3 phenotype data was used. A third reason for the low 
LOO scores may be that major gene(s) were not detected due to the 
incomplete coverage of the genome in this linkag~ map. 
Several other observations have been made that strengthen the 
association between the interval where the putative QTL for Na+ accumulation 
is located and salt tolerance. First as mentioned in Chapter 5, chromosome 
40 was shown to enhance the ability of hexaploid wheat to limit the Na+ 
concentration in leaves (Gorham et al., 1987). However, in that study Na+ 
accumulation increased when the long arm of the 40 chromosome was 
deleted; whereas in this study the significant QTL is located on the short arm of 
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the 40 chromosome. Further mapping will be needed to determine if a QTL is 
located on the long arm of the 40 chromosome. Second, the QTL on 
chromosome 40 spans an area of the chromosome where the gene for the 
Germin protein is located. Although the function of this protein is unknown, it 
is believed to be important in the hydration of cells in germinating seeds 
(Lane, 1991 ). In addition to germinating seeds a protein very similar in amino 
acid sequence to Germin has been found in roots of barley. The synthesis of 
this Germin like protein was shown to be induced in barley roots by NaCl 
osmotic shock (Hurkman et al., 1990). A third important observation is that the 
QTL on chromosome 40 is located in the same region of the genome where 
the putative K+ channel was localized. Because K+ channel genes in 
Drosophila have been shown to be a family of genes (Butler et al., 1989) and 
as gene families are often clustered on a chromosomes (Maniatis et al., 1980; 
Lagudah et al., 1991 a; also see Fig. 6.1 XcslH84 on group 3) it is possible that 
an ion channel gene may be located in the region of the QTL. Genes of 
physiological significance, that may be involved in the response to salinity, 
appear to be located on the 40 chromosome near the interval where there is a 
significant QTL (Fig.40). As the technologies advance it should be possible 
ascertain the function of the genes in this region of the genome and thereby 
begin to understand plant response to salinity on the molecular level. 
Mapping of this population will continue particularly to test whether 
QTLs with major gene effects are located on the long arm of the 40 
chromosome as indicated by analysis of ditelocentric lines Gorham et al. 
(1987). Additional markers will be needed on the short arm of chromosome 
40 to more precisely resolve the location of the "salt tolerance" locus. To 
provide a more accurate phenotype of F2 plants and to facilitate the estimation 
of heritability, the Na+ concentration in the fifth leaf of F3 plants will be 
determined after growth in NaCl. 
Postscript to Chapter 6 
Concern over how to determine the LOO threshold for the data that was 
generated in Chapter 6 led me to contact Eric Lander who developed the 
theory behind the MAPMAKER QTL. The outcome of that conversation was 
that in using Figure 4 from the Genetics paper (121: 185-199) I was not correct 
in using the chromosome number; rather the number of linkage groups should 
have been used. Since the map described in Chapter 6 had 14 linkage 
groups, it appears that the appropriate LOO threshold would be between 2.5 
and 2.6. This changes the conclusions made in Chapter 6 so that the interval 
on chromosome 4 near the Germin gene is no longer significantly associated 
in statistical terms with the sodium accumulation trait. Although this interval no 
longer appears to be statistically significant, this does not necessarily mean it 
is not significant. For example, it is possible that if the number of progeny in 
the F2 population were doubled, that interval might be significant because the 
LOO score would be doubled by this increase in population size.I 
CHAPTER 7 
General discussion 
Summary 
Chapter 2 -Variation in Triticum tauschii for leaf Na+ concentration and salt 
tolerance 
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The 415 T. tauschii accessions that were screened for leaf Na+ 
concentrations represented a diverse range of populations or ecotypes. The 
frequency distribution of Na+ concentration in leaf 5 for plants grown in 150 
mol m-3 NaCl gave a composite picture of many plant populations within the 
Triticum species tauschii. The distribution was skewed to lower leaf Na+ 
concentrations. The mean Na+ concentration in leaf 5 of one subspecies was 
significantly higher than the other subspecies. Significantly higher 
concentrations of Na+ in the subspecies strangulata (which is believed to be 
the D genome donor to hexaploid wheat) indicated that genes from the other 
T. tauschii subspecies may confer increased salt tolerance and lower rates of 
Na+ accumulation to bread wheat. Individual accessions were then selected 
on the basis of Na+ concentrations for more detailed study. Data were 
presented on the growth of the selected accessions showing that some were 
high, intermediate and low in tolerance of NaCl salinity. 
The variation in leaf Na+ concentration and salt tolerance between the 
T. tauschii accessions provided plant material to embark on a long-term 
genetics project. The goal of that project was to map the genes involved in the 
regulation of the rate of Na+ accumulation. 
Chapter 3 - The control of Na+ accumulation rate in leaves 
Rates of Na+ accumulation during the expansion of a single leaf were 
measured to answer the question of whether genotypic differences in Na+ 
accumulation are merely due to different rates of leaf expansion. Those data 
showed that Na+ accumulation was higher in the sensitive than in the tolerant 
accessions both during and after leaf expansion. This was an important 
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finding because others have suggested that genotypic differences in growth 
rate may be responsible for the lower Na+ concentrations measured in leaves 
of salt-tolerant genotypes. The hypothesis that a membrane protein controls 
the rate of Na+ accumulation was therefore strengthened by eliminating leaf 
expansion as a factor controlling genotypic differences in the rate of Na+ 
accumulation. 
The data on changes in Na+ concentrations over ti me showed the 
potential pitfalls associated with sampling leaf Na+ concentrations at a single 
time. These data also aided in understanding the basis of the salt-sensitivity 
of one accession T. tauschii CPI 110791. The maximum Na+ concentrations 
that the leaves of this accession could hold was much lower than other 
accessions. In addition to Na+ accumulation rate, cellular tolerance to Na+ 
appears to be important in the salt tolerance of T. tauschii. 
Chapter 4 - The control of Na+ transport across the plasma membrane 
To bypass the long-term genetic approach this investigation stepped 
from the whole plant to the protein level in an attempt to identify a molecule 
controlling the rate of Na+ accumulation. In taking this approach two 
assumptions were made: 1) that the data in Chapter 3 on Na+ transport into 
individual leaves was representative of the Na+ transport into the whole plant 
shoot ; and 2) that differences in Na+ transport were due to the transport of 
Na+ across root cell membranes. The selectivity of a K+ channel was 
compared in salt-tolerant and salt-sensitive Triticu(J1 species to determine 
whether that protein was regulating the different rates of Na+ accumulation. 
The hypothesis that ion channel selectivity may vary between salt-tolerant and 
salt-sensitive wheat species, was based on reports of variation in K+/Na+ ion 
channel selectivity between animal species. It also seemed likely that a K+ ion 
channel would be a route for Na+ entry into the plant cell. Although the results 
did not distinguish variation in K+/Na+ selectivity between two genotypes 
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differing in salt tolerance, they suggest it is possible that the ion channel 
studied may be the molecular pathway through which Na+ moves into the cell. 
Chapter 5 - Expression of salt tolerance and rates of Na+ accumulation in 
hexaploid wheat 
The experiments in this chapter tested whether genes from T. tauschii 
for salt tolerance measured at the vegetative stage of growth would be useful 
within the context of agricultural production in regions with saline soils. To 
determine whether the salt tolerance of the diploids would be expressed in 
hexaploid wheat, synthetic hexaploids were created using different sources of 
the D genome. The development of synthetic hexaploids began after sensitive 
and tolerant T. tauschii accessions were identified. Unfortunately the cross 
with one of the most tolerant diploids (T. tauschii CPI 110664) produced 
triploid plants that failed to grow past ·the third leaf stage. Therefore this study 
compared hexaploids with D genomes from T. tauschii accessions 
intermediate in salt-tolerance with accessions that were salt-sensitive. The 
major finding in this study was that synthetic hexaploids were more salt-
tolerant and had slightly lower Na+ concentrations in leaves when the source 
of the D genome was moderately salt-tolerant than when it was salt-sensitive. 
The expression of salt tolerance of the diploid at the hexaploid level indicates 
that T. tauschii should be a useful source of germplasm for improving the salt 
tolerance of bread wheat. 
Chapter 6 - The genetic control of the rate of leaf !ya+ accumulation 
In this chapter genetic data at the DNA level and physiological data at 
the whole plant level were integrated. DNA and isozyme marker data on an 
F2 plant population were compared with the leaf 5 Na+ concentration in each 
F2 plant to assess the number and location of genes involved in determining 
the rate of Na+ accumulation. Obtaining this information was the first step 
towards dissecting out the genes that regulate the rate of Na+ accumulation in 
leaves. The results from this chapter showed that a QTL associated with salt-
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tolerance is located on chromosome 40. The proximity of that locus to a gene 
coding for a putative ion transport protein (K+ channel) and to a gene induced 
by salinity (Germin) strengthens the conclusion that this region of the genome 
will contain genes controlling plant response to salinity. 
Three F2 populations were created, using two sensitive accessions. 
The population based on AUS 18905 (#2) was chosen for the RFLP analysis. 
In light of the data from Chapter 3 this population #2 was expected to 
segregate for Na+ accumulation rate, and therefore the QTL identified should 
be involved in the control of the rate of Na+ accumulation. The other two 
populations were based on T. tauschii CPI 110791. These could be expected 
to segregate for cellular tolerance to Na+ and therefore these populations 
would be useful in identifying QTLs that control the level of cellular tolerance 
to Na+. 
The significance of this thesis 
An integrated approach 
Understanding complex phenomena, such as tolerance of salinity, has 
been difficult because the fundamental physiological mechanisms are 
incompletely understood. The approach taken in this thesis combined the two 
disciplines of physiology and genetics, and studied processes affecting the 
rate of Na+ accumulation in leaves at several levels of organization within the 
Triticum genus. These studies encompassed processes at the species level, 
at the whole plant level and at the molecular level (both protein and DNA). It 
has been argued that working on several levels of organization will increase 
the profundity and usefulness of discoveries that come from research 
(Passioura, 1979). 
Physiology and genetics are two separate disciplines not often 
integrated. For understanding complex processes, combining these 
disciplines may be a more powerful approach than working only within one 
discipline. Conclusions of physiological investigations may be equivocal 
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because cause and effect are infrequently tested, so correlations are heavily 
relied upon. It is often difficult to test physiological hypotheses without the 
confounding effects associated with changes in light, temperature, metabolic 
inhibitors, etc. The power of physiological studies may be increased by using 
well characterized mutants or similar genotypes such as isogenic lines that 
differ in a single physiological trait. Segregating populations may also be 
used to confirm a postulated relationship between a trait and a physiological 
process. 
Conclusions from genetic analyses are often limited by the complexity 
of the trait that is studied. Genetic understanding of many important traits that 
involve multiple major genes and minor genes is lacking. With the recent 
advances in linkage mapping techniques (Tanksley et al., 1989), there is now 
a resurgence of interest in traits that are controlled by multiple genes. To fully 
understand the inheritance and function of these traits, the disciplines of 
physiology and genetics must be combined. A knowledge of the physiology of 
a trait may speed the process of identifying the genes for quantitatively 
inherited traits by allowing the investigator to make inferences on what type of 
gene might be controlling the trait. To understand the function of a gene 
geneticists will need to collaborate with physiologists after genes are 
identified. 
One example of how an understanding of physiology can explain a 
confusing genetic observation is the case of Triticum tauschii CPI 110791. 
This accessions was originally selected as salt-seositive. However, in the 
growth experiment (Table 2.3) and in the RFLP experiment (Table 6.1) the leaf 
5 Na+ concentration of CPI 110791 was low, about 0.80 mmol g-1 DW. By 
looking closely at Na+ accumulation over time (Chapter 3) it became apparent 
that CPI 110791 was sensitive to salinity for an additional reason than 
originally hypothesized. The leaves of CPI 110791 were apparently killed by 
much lower levels of Na+ than other accessions. 
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The integration of disciplines is an opportunity to confirm observations 
on several levels or to test hypotheses with different techniques. One 
example, discussed in the section on future investigations, is the ion channel 
work. The electrophysiological techniques are sophisticated and therefore 
limit the number of researchers in the field. Observations are also limited to 
single cells which may be variable, particularly in the case of roots where 
there are several cell types. The study of gene or primary protein structure will 
add new information to a field that may otherwise move very slowly. 
Information on structure should help identify the functional characteristics that 
are responsible for genotypic differences in ion accumulation rates. 
Integrating physiology and genetics is a powerful approach that should 
enhance our understanding of complex biological phenomena. 
New techniques 
Significant contributions from this thesis come from the studies where 
new techniques were used. The results from the patch clamp study (Chapter 
4) will impact on understanding salt tolerance and on basic research into ion 
transport. The patch clamp work paves the way for more research into the 
molecular mechanisms of ion uptake and transport. The advantages of using 
molecular techniques for understanding ion transport have been reviewed by 
Sussman and Gableman (1989). This study is also unique in the patch clamp 
literature, because it tested a specific hypothesis, whereas many patch clamp 
studies to date have described the characteristics oi ion channels. In terms of 
salinity research, this work has identified a possible pathway for Na+ influx into 
the cell. 
In the RFLP study (Chapter 6) new techniques were used to dissect a 
quantitative trait. Many important agronomic traits are determined by multiple 
genes and the dissection of quantitative traits using molecular markers is a 
new research area that may facilitate the use of individual QTLs for plant 
improvement. This thesis will add data to a field that has been dominated by 
-
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theory. The study in Chapter 6 also demonstrated two approaches for 
identifying genes for physiological traits. The first approach used random 
probes to reveal polymorphisms throughout the entire genome to map QTLs. 
The second used a gene of known function from another organism, a K+ 
channel cDNA from Drosophila, to identify a mechanism that may be related to 
the trait of interest (Na+ accumulation rate). This is the first study to show that 
plants have ion channel genes that are similar in nucleic acid sequence to 
those from Drosophila. The localization of salt tolerance to a region of 
chromosome 4 together with K+ channel genes and the Germin gene 
suggests that the dissection of this region of the T. tauschii genome will 
provide valuable information on genes controlling Na+ transport and salt 
tolerance. 
Crop improvement 
Chapter 2 and Chapter 5 relate in a practical sense to increased 
production of wheat under saline conditions. In Chapter 2 T. tauschii 
germplasm was identified that was highly salt-tolerant. Some of these 
accessions were introgressed into hexaploid wheat where it was shown that 
the level of salt tolerance from the diploid was expressed (Chapter 5). The 
expression of salt tolerance from the diploid indicates that T. tauschii should 
be an excellent source of genes for enhancing the salt tolerance of wheat. 
Wheat breeders may choose to use the most tolerant T. tauschii accessions 
identified in Chapter 2 for the improvement of the salt tolerance of wheat. 
In this thesis T. aestivum cv. Kharchia and T. turgidum cv. Modoc were 
used in all experiments as standards, except the genetic analysis (Chapter 6). 
In addition to these standards, two others were used for the experiments in 
Chapter 5: T. aestivum cv. Chinese Spring and the amphiploid T. aestivum cv. 
Chinese Spring x Lophophyrum elongatum (Appendix 7.1 ). Inclusion of 
'Chinese Spring' made it possible to compare the experiments in Chapter 5 
with those conducted by other research groups studying salt tolerance in 
·, 
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wheat. However, when the data on seed yields of 'Chinese Spring' in this 
study were compared with those from other research groups, inconsistencies 
rather than similarities became obvious. Other studies found that in 
100 mol m-3 NaCl the mean seed dry weight for Chinese Spring was only 2.0 
g/plant (Dvorak et al., 1988); in 150 mol m-3 NaCl it was 0.5 g/plant (Forster et 
al., 1988); in 175 mol m-3 3.1 g/plant (Forster et al., 1990); in 200 mol m-3 3.9 
g/plant (Forster et al., 1990). This study found much larger seed yields, of 
12.8g/plant in 150 mol m-3 NaCl (Appendix 7.1 ). Forster's results suggests 
some inconsistency in methodology. Furthermore very low seed yields in the 
studies by Dvorak and Forster suggest that other stress factors may be 
confounding the salinity response. Higher seed yields in this study suggest 
that the experimental techniques used were valid and therefore these results 
may be more significant to agricultural production in saline areas than other 
work. 
Mechanisms of salt tolerance 
By studying the link between leaf expansion and rates of Na+ 
accumulation a step was taken towards confirming the hypothesis that Na+ 
uptake or transport to leaves may be regulating the rate of Na+ accumulation. 
The recognition in Chapter 3 that cellular tolerance (tolerance of higher Na+ 
concentrations in leaves) is an important component for salt tolerance 
supports similar observations made on rice (Yeo and Flowers, 1983; Flowers 
et al., 1985). The T. tauschii accession (CPI 1107~1) identified as being 
sensitive on the cellular level, and the F2 populations (#1 & #3) based on that 
accession, provide good plant material for determining the physiological and 
genetic basis of the sensitivity. 
j: 
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Future investigations 
Functional approach to membrane transport 
The control of Na+ accumulation in leaves is complex. This thesis 
tested only two mechanisms (steps) that may be controlling the rate of Na+ 
accumulation in leaves. Figure 7.1 illustrates three steps where membrane 
transport in a "wheat plant" may be important in determining the salt tolerance 
of the whole plant. 
3. cellular tolerance 
2. transport to shoots 
(xylem loading) 
1. influx to root cells 
Figure 7.1 Black boxes highlight three parts of the wheat plant where 
membrane transport processes may be important to salt tolerance. 
Step 1- influx to root cells 
In Chapter 4 genotypic differences in one characteristic (selectivity) of 
an ion channel transporting cations (predominantly K+) into roots ce lls was 
examined. Those experiments did not assay Na+ channels (which may or 
may not be present in plants} nor did they determine whether there are 
genotypic differences in the Na+ influx rates of root cells. To verify whether ion 
transport or uptake differs in salt tolerant and sensitive genotypes, a set of 
radioactive tracer experiments could be designed to follow the uptake of 
radioactive Na+ into the roots and the subsequent transport of Na+ to the 
shoots. These experiments would be useful in narrowing down which cells to 
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use for protoplast studies. To determine whether there are differences in Na+ 
influx rate at the cellular level, experiments using the appropriate protoplasts 
and a radioactive isotope for Na+ could be co,:iducted. The genotypes 
identified in this thesis ( T. tauschii CPI 110664 and AUS 18905) provide 
material for testing whether root cell protoplasts from salt-tolerant and salt-
sensitive accessions have different rates of Na+ influx across the plasma 
membrane. 
The route for Na+ influx across root membranes is still unknown. Future 
experiments are needed to test the prediction (Chapter 4) that a K+ channel is 
the route of Na+ entry into the plant. By blocking K+ channels with a cation 
such as Cs+ or pharmacological agents it should be possible to test whether 
Na+ enters via a K+ channel. Provided that these agents are not applied at 
phytotoxic levels, plants may then be-grown in a solution of NaCl with an ion 
channel blocker and the rate of Na+ accumulation in leaves measured. 
Fluorescent microscopy techniques could be used to determine whether Na+ 
enters cells through a cation channel. By loading the cytoplasm or vacuole 
with a fluorescent probe for Na+ such as sodium-binding Benzo-Furan 
lsophthalate (Minta and Tsien, 1989), the Na+ flux rates into cells could be 
qualitatively determined in the presence and absence of channel blockers. 
Based on predictions in Chapter 4 the rate of Na+ accumulation and influx 
would decrease when ion channels are blocked. 
Step 2- transport to shoots 
If loading and unloading of the xylem depends on the concentration in 
the cytoplasm of xylem parenchyma cells, a reduced rate of transport to leaves 
may be the result of lower uptake rates by roots or increased 
compartmentation of Na+ in vacuoles. Excluding Na+ from the xylem is 
important. After the xylem enters the shoot of a young cereal seedling (before 
the stem has elongated) it seems unlikely that Na+ transport to leaves could 
be reduced (except by transfer cells which are limited in capacity) or that Na+ 
I 
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could be preferentially directed towards older leaves because xylem vessels 
anastamose at the root shoot junction (Aloni and Griffith, 1991 ). 
Differential rates of xylem loading and unloading will be difficult to 
demonstrate. One method may be to place excised roots into a multi-
compartment box and to introduce a radioactive isotope of Na+ into different 
compartments. The roots may then be perfused and a constant rate of xylem 
exudate established. Flux rates of Na+ in the xylem stream could then be 
calculated. Xylem unloading and Na+ efflux may also be examined by 
collecting the contents in another compartment downstream from where Na+ 
was added. Another method to study xylem transport rates may be to express 
xylem sap, measure concentrations and then calculate flux rates based on a 
xylem flow rate estimated from transpiration. 
Step 3- cellular tolerance 
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In Chapter 3 one Triticum tauschii accession (CPI 110791) was 
identified having a lower maximum leaf Na+ concentration. On that basis leaf 
cells of CPI 110791 were considered to be more sensitive to Na+ than the leaf 
cells of the other accessions. A biochemical basis for genotypic differences in 
cytoplasmic sensitivity is unlikely because enzymes from halophytes and non-
halophytes are equally sensitive to Na+ or Cl- (reviewed by Flowers et al., 
1977). A more likely reason for genotypic differences in cellular sensitivity is 
the accumulation of Na+ in the cells walls which could lead to cell dehydration 
and eventually leaf death (Oertli, 1968) or the acc~mulation of Na+ in the 
cytoplasm which would also result in leaf death. 
Membrane transport processes across the plasma or vacuole 
membrane may control the rate of Na+ uptake into the cytoplasm and the 
vacuole thereby determining cellular tolerance. 
If Na+ transport across the plasma membrane is regulated by the 
cytoplasmic concentrations of that ion and the transport of Na+ into the 
vacuole is slower in one genotype than another, then Na+ will build up more 
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quickly in the the cell wall. This could be tested by measuring Na+ influx rates 
across intact vacuoles or vacuole membrane vesicles in contrasting 
genotypes. 
If rates of plasma membrane Na+ transport are below the rates of Na+ 
delivery by the xylem Na+ will also build up in the cell wall. This could be 
tested by comparing the Na+ transport across the plasma membranes of leaf 
cell protoplasts in contrasting genotypes. 
Where the rates of Na+ transport into the cell are high (and the 
cytoplasmic concentrations of Na+ are not regulated), but the rate of transport 
into the vacuole is low, Na+ could accumulate to toxic concentrations in the 
cytoplasm. This alternative may be distinguished from data on plasma and 
vacuole membrane transport in contrasting genotypes. 
Studies on membranes in leaves should include the characterization of 
ion channels, the Na+/H+ antiport and net influx rates into cytoplasm and 
vacuoles. The contrasting genotypes that might used are: T. tauschii CPI 
110791 and CPI 110664. 
Structural approach to membrane transport 
Although the selectivity of the K+ channel in root cells does not appear 
to determine the genotypic differences in rates of Na+ accumulation, the 
selectivity of other ion channels and their regulation may also be important. 
One approach to understand the basis of genotypic differences in ion 
accumulation rates and membrane transport will b_e to examine the DNA and 
primary amino acid sequences of ion transport proteins. The primary 
structures that determine functions such as the regulation and selectivity of ion 
channels, or other membrane bound proteins, need to be identified. Since 
there is an indication that ion selectivity differs in the outward rectifier in root 
and guard cells (Chapter 4), DNA sequence comparisons of these genes 
might help to determine that the structure of the selectivity filter. A similar 
approach was taken by Lichtinghagen et al. (1990) who compared sequences 
I 
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of naturally occurring Drosophila ion channel mutants and wild type DNA 
sequences to identify the region of a K+ channel gene that was responsible for 
a "gating" characteristic termed inactivation. When the "functional regions" of 
these primary structures (amino acid composition of membrane bound 
proteins) are known, structural data may then be collected from ion channels 
in roots of salt-tolerant and salt-sensitive genotypes to determine whether 
there are structural differences in the "functional regions". 
An alternative approach to understanding the structural aspects of 
membrane bound proteins will be to use site-directed mutagenesis to identify 
the structural regions of the channel protein that determine the functional 
characteristics. Recently, site directed mutagenesis was used to show that a 
single amino acid change could alter the ion selectivity of a K+ channel from 
Drosophila (Yool and Schwarz, 1991 ). These molecular approaches should 
provide valuable information on the structures that might be involved in 
regulation and selectivity of ion channels. These structural differences may 
determine the variable rates of ion accumulation observed in the whole plant. 
Genetic approach to membrane transport 
The technique used to determine the interval where a quantitative trait 
loci is located (Chapter 6) was the first step towards identifying genes that 
regulate the rate of Na+ accumulation and confer salt tolerance to wheat. One 
region of the T. tauschii genome was identified as containing a QTL that is 
related to Na+ accumulation and possibly salt tolerance. The isolation of Na+ 
transport genes contained within this interval should proceed in two steps. 
The first step will be to locate the QTL to a smaller interval (Paterson et al., 
1990) because the QTL on the current linkage map (Fig. 6.1) lies in a large 
interval of 23 cM. Additional RFLP markers in the QTL region will be isolated 
or obtained from other labs to resolve the QTL to a smaller interval. Using 
DNA from the original F2 population (#2) these markers will be incorporated 
into the linkage map and tested for their association to leaf Na+ concentration 
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and salt tolerance. When the region of interest has been narrowed to a small 
interval, the markers that flank this interval can then be used to identify 
chromosomal segments on yeast artificial chromosomes containing the 
putative salt tolerance loci. 
The isolation of a gene from a yeast artificial chromosomes will be a 
difficult task because they contain large sections of the genome (Grill and 
Somerville, 1991 ). However, in this project the identification of a gene will be 
aided by physiological data. The physiological data suggests that we should 
look for a membrane bound protein, such as an ATPase, a protein carrier or 
an ion channel (Fig. 1.2). These proteins may be identified from nucleic acid 
sequences on the basis of their predicted hydrophobicity and on the basis of 
sequences from similar proteins that have been cloned in other organisms. 
After a gene has been isolated, the role of the gene should be tested in vivo. 
This may be accomplished by the transformation of an experimental plant 
other than T. tauschii (at this time wheat and progenitors cannot be 
transformed) with antisense RNA sequences (Inouye, 1988; Quick et al., 
1991) These antisense sequences should reduce the amount of RNA 
available for translation and thereby reduce the amount of the particular 
protein. Plants transformed with antisense sequences will be a type of 
membrane transport "mutant" that should help establish the importance of 
these proteins in the response to salinity. The problem with this antisense 
approach is that plant may compensate for the fewer number of channels 
being synthesized. One compensation would be for the remaining channels 
to stay open longer, thereby conducting the same number of ions across the 
membrane over a longer period of time. 
Recombinant inbred lines (Rlls) (Burr et al., 1988) may be constructed 
from the F2 population that was used for mapping in Chapter 6. One of the 
major advantages of Rlls is that the population is permanent and can then be 
used indefinitely for mapping or for physiological studies. These lines can be 
produced by several generations of inbreeding of F2 progeny. Eventually 
short linkage blocks of progenitor alleles will become fixed in these lines. 
Inbred lines that differ in Na+ accumulation may be used for future studies on 
ion uptake/transport and other mechanisms that may play a role in salt 
tolerance. These lines could be used to complete the mapping of 
chromosome 4 and used by other researchers for mapping QTLs, if the 
parental lines used to construct this population are found to be divergent in 
other traits. 
In population #3 (Fig. 6.2) 7 plants of the F2 population had much 
higher leaf Na+ concentrations than the sensitive parental line. The plants 
with high leaf Na+ concentrations, and 10 plants with very low Na+ 
concentrations, were rescued and selfed. The F3 plants from these lines will 
be tested to confirm the large differences in Na+ accumulation between these 
lines. If large differences are established, recombinant inbred lines will be 
produced. These Alls will provide improved plant material with larger 
differences in Na+ accumulation rates. 
Analysis of the F3 
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The F3 analysis is the most urgent and imminent future project. A 
weakness of the QTL analysis, as it presently stands, is that the Na+ 
accumulation trait data was gathered on individual F2 plants (as discussed in 
Chapter 6). Even though leaf 5 from each plant in population #2 was 
harvested at the same developmental stage (immediately after ligule 
emergence), random variation in leaf Na+ concentrations may have reduced 
the significance of particular QTLs. To more accurately define the Na+ 
accumulation phenotype, the Na+ concentration of leaf 5 of ten F3 plants 
grown in 150 mol m-3 NaCl will be determined. In the case of the Na+ 
accumulation trait, replicated progeny testing should increase the power of the 
marker-based QTL analysis, by providing a more accurate assessment of the 
F2 phenotype (Lander and Botstein, 1989; Knapp and Bridges, 1990). The 
analysis of replicated F3 plants will also allow for the estimation of heritability 
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(Smith and Kinman, 1965) and give additional information on plant to plant 
variation in Na+ concentration. 
In summary this thesis showed that an initially low Na+ accumulation 
rate was one characteristic of salt-tolerant genotypes of wheat and Triticum 
tauschii. A low rate of Na+ accumulation should therefore be an important trait 
in the salt tolerance of wheat. The different rates of Na+ accumulation in the 
genotypes that were studied does not appear to be controlled by the selectivity 
of a particular K+ channel in root cells or by leaf expansion. Na+ accumulation 
from the diploid T. tauschii is expressed in hexaploid wheat and a gene 
controlling the rate of Na+ accumulation may be located on chromosome 4 of 
the T. tauschii genome. Further studies have been suggested to elucidate the 
basis of the differential Na+ accumulation rates, and to extend the RFLP 
mapping towards isolating a gene controlling the rate of Na+ accumulation. 
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Appendix 2.1 Mean and standard deviation of Na+ and K+ concentrations in leaf 5 from 415 
Triticum tauschii accessions Details of experiment explained in Chapter 2. Accessions are listed 
according to the Na+ concentration in leaf 5, in ascending order. A indicates where only one 
replicate was measured so no standard deviation could be calculated. 
Accession no. Na+ Na+ K+ K+ 
(mmol g·1 OW) (stand dev) 
~mmol ~-1 D~ (stand dev) 
CPI 110813 0.21 0.04 1.17 0.08 
CPI 110777 0.24 0.08 1.14 0.10 
CPI 110855 0.25 0.03 1.31 0.05 
CPI 110814 0.29 0.09 1.25 0.07 
CPI 110759 0.30 0.02 0.67 0.41 
CPI 110756 0.30 0.01 1.09 0.07 
CPI 110897 0.30 0.01 1.03 0.11 
CPI 110766 0.30 0.04 1.23 0.04 
CPI 110687 0.30 0.14 1.24 0.09 
CPI 110736 0.30 A 1.18 A 
CPI 110776 0.31 0.20 1.07 0.18 
CPI 110888 0.34 0.14 1.16 0.16 
CPI 110937 0.35 A 1.18 A 
CPI 110838 0.36 0.01 0.66 0.29 
CPI 110903 0.36 0.03 1.10 0.04 
CPI 110808 0.36 0.09 1.16 0.04 
AUS 21775 0.38 0.09 1.16 0.08 
CPI 110902 0.38 0.01 - 0.86 0.14 
CPI 110773 0.38 0.12 1.08 0.03 
CPI 110663 0.38 0.09 1.07 0.04 
CPI 110713 0.38 0.06 1.26 0.01 
CPI 110609 0.39 0.03 1.15 0.09 
AUS 18962 0.39 0.08 1.08 0.09 
CPI 110803 0.39 0.06 1.18 0.01 
CPI 110761 0.40 0.02 1.05 0.03 
CPI 110757 0.40 0.03 1.19 0.02 
CPI 110774 0.40 0.04 1.05 0.01 
CPI 110864 0.41 0.12 0.99 0.10 
CPI 110775 0.42 0.02 1.05 0.09 
CPI 110675 0.42 0.01 0.89 0.06 
CPI 110673 0.42 0.03 0.99 0.02 
CPI 110635 0.42 0.09 0.99 0.10 
CPI 110760 0.42 0.22 1.13 0.23 
CPI 110717 0.42 0.05 1.12 0.01 
CPI 110701 0.43 0.06 1.04 0.01 
CPI 110828 0.43 0.04 0.88 0.13 
CPI 110692 0.43 0.11 0.96 0.12 
AUS 18953 0.43 0.10 1.16 0.09 
CPI 110875 0.43 0.23 0.90 0.12 
AUS 18890 0.43 0.05 1.16 0.10 
CPI 110796 0.43 0.07 0.67 0.43 
AUS 21779 0.44 0.15 1.23 0.23 
CPI 110664 0.44 0.01 1 .11 0.01 
CPI 110682 0.44 0.08 1.07 0.12 
CPI 110782 0.44 0.04 1.04 0.13 
CPI 110779 0.45 0.13 1.07 0.45 
CPI 110634 0.45 0.10 1.05 0.02 
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Aeeendix 2.1 continued 
Accession no. Na+ Na+ K+ K+ 
! mmol ff 1 D!'.Y2 (stand dev) !mmol ~;r1 DWl (stand dev) 
CPI 110728 0.45 0.14 1.19 0.02 
CPI 110873 0.46 0.10 1.12 0.09 
CPI 110712 0.46 0.15 0.89 0.12 
CPI 110653 0.46 A 0.87 A 
CPI 110697 0.46 0.15 1.05 0.08 
AUS 22937 0.46 0.08 1.01 0.15 
AUS 18970 0.46 0.09 1.23 0.03 
CPI 110625 0.47 0.15 0.98 0.18 
CPI 110835 0.48 0.02 0.89 0.01 
AUS 21718 0.48 0.17 1.00 0.04 
CPI 110786 0.48 0.04 1.12 0.03 
AUS 21727 0.48 0.08 1.09 0.01 
CPI 110624 0.48 0.27 0.74 0.32 
CPI 110772 0.49 0.12 1.05 0.18 
CPI 110893 0.49 0.22 1.10 0.07 
CPI 110679 0.50 0.11 1.15 0.09 
AUS 22940 0.51 0.05 1.16 0.02 
CPI 110768 0.51 0.01 0.77 0.05 
CPI 110836 0.51 0.14 0.91 0.04 
CPI 110894 0.51 0.22 1.01 0.12 
CPI 110815 0.52 0.11 0.85 0.03 
CPI 110817 0.52 0.09 1.07 0.06 
CPI 110771 0.52 0.01 1.04 0.01 
AUS 18977 0.52 0.16 1.05 0.13 
CPI 110642 0.52 0.01 · 0.63 0.09 
CPI 110866 0.52 0.22 0.87 0.13 
AUS 19013 0.53 0.29 1.04 0.15 
CPI 110807 0.53 0.25 1.17 0.10 
AUS 18915 0.53 0.07 0.85 0.06 
CPI 110849 0.53 0.10 0.97 0.12 
CPI 110720 0.53 0.01 0.99 0.15 
CPI 110746 0.53 0.15 0.90 0.06 
CPI 110848 0.54 0.13 1.06 0.05 
AUS 18844 0.54 0.23 0.92 0.31 
CPI 110657 0.55 · 0.20 1.15 0.12 
CPI 110700 0.55 0.18 0.77 0.12 
CPI 110607 0.55 0.17 1.09 0.09 
AUS 18956 0.55 0.08 1.00 0.04 
CPI 110780 0.56 0.19 0.80 0.12 
CPI 110892 0.56 0.25 0.96 0.22 
CPI 110823 0.56 0.05 0.96 0.02 
CPI 110822 0.56 0.17 0.79 0.13 
CPI 110806 0.56 0.20 0.97 0.04 
CPI 110810 0.56 0.04 1.15 0.02 
AUS 21715 0.57 0.17 0.87 0.04 
CPI 110880 0.57 0.02 0.98 0.02 
CPI 110890 0.57 0.16 1.03 0.11 
CPI 110706 0.57 0.01 0.99 0.20 
AUS 20353 0 .57 0.10 1.14 0.07 
CPI 110730 0.57 0.15 0.58 0.36 
CPI 110726 0.57 0.36 0.99 0.36 
CPI 110833 0.57 0.08 0.76 0.01 
CPI 110891 0.58 0.10 0.92 0.07 
CPI 110737 0.58 0.06 0.83 0.04 
CPI 110748 0.58 0.26 0.79 0.26 
CPI 110957 0.58 0.08 0.84 0.10 
CPI 110714 0.58 0.11 1.00 0.08 
I. CPI 110733 0.58 0.04 0.93 0.01 CPI 110889 0.58 0.09 1.02 0.13 
CPI 110740 0.58 0.08 1.05 0.18 
AUS 18894 0.58 0.08 0.90 0.01 
CPI 110895 0.59 0.21 0.89 0.05 
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Aeeendix 2.1 continued 
Accession no . Na+ Na+ K+ K+ 
tmmo15r1o~ (stand dev) tmmol fr1 DWl (stand dev) 
CPI 110877 0.59 0.22 0.84 0.32 
CPI 110887 0.59 0.03 0.84 0.06 
CPI 110711 0.59 0.12 1.01 0.01 
CPI 110778 0.59 0.07 0.87 0.05 
CPI 110667 0.60 0.20 0.94 0.06 
CPI 110787 0.60 0.24 1.03 0.24 
CPI 110650 0.60 A 0.92 A 
AUS 21706 0.60 0.16 0.98 0.02 
CPI 110879 0.60 0.09 0.97 0.05 
CPI 110856 0.60 0.17 1.20 0.12 
AUS 18893 0.61 0.29 1.17 0.18 
CPI 110853 0.61 0.22 0.83 0.02 
CPI 110658 0.61 A 0.98 A 
CPI 110721 0.61 0.17 0.72 0.18 
CPI 110723 0.61 0.14 0.97 0.13 
CPI 110745 0.61 0.23 0.90 0.05 
CPI 110834 0.61 0.11 0.84 0.05 
AUS 19827 0.62 0.07 1.03 0.04 
CPI 110662 0.62 0.26 1.04 0.12 
CPI 110631 0.62 0.20 1.02 0.01 
CPI 110758 0.62 0.05 0.94 0.05 
CPI 110863 0.62 0.11 0.84 0.16 
CPI 110827 0.62 A 0.88 A 
CPI 110752 0.62 0.23 0.95 0.19 
CPI 110841 0.63 0.20 0.90 0.01 
CPI 110655 0.63 0.22 0.94 0.08 
CPI 110842 0.63 0.21 0.97 0.11 
CPI 110847 0.63 0.21 0.95 0.19 
CPI 110691 0.63 0.10 0.96 0.09 
CPI 110616 0.63 0.09 0.92 0.05 
AUS 18963 0.63 0.12 0.88 0.02 
AUS 18891 0.64 0.07 1.16 0.01 
CPI 110678 0.64 0.08 0.93 0.06 
CPI 110764 0.64 0.03 0.79 0.13 
AUS 18934 0 .64 0.11 0.95 0.13 
CPI 110613 0.64 0.28 0.92 0.01 
CPI 110668 0.64 A 0.93 A 
CPI 110739 0 .65 0.11 0.70 0.05 
CPI 110821 0.65 0.25 0.73 0.26 
CPI 110669 0.65 0.12 1.16 0.03 
CPI 110628 0.66 0.16 0.85 0.03 
AUS 21734 0.66 0.13 0.75 0.06 
CPI 110846 0.66 0.04 0.75 0.04 
CPI 110684 0.67 0.29 0.81 0.17 
CPI 110886 0.67 0.04 0.73 0.14 
CPI 110683 0.67 A 0.97 A 
CPI 110661 0.68 0.39 0.88 0.10 
CPI 110741 0.68 0.20 0.85 0.05 
CPI 110913 0.68 0.14 0.91 0.07 
AUS 18989 0.68 0.06 0.83 0.16 
AUS 18972 0.68 0.27 1.09 0.10 
CPI 110731 0.69 0.32 0.92 0.25 
CPI 110914 0.69 0.16 0.82 0.17 
CPI 110908 0.69 A 0.91 A 
CPI 110850 0.69 0.17 0.76 0.11 
CPI 110604 0.69 0.24 0.92 0.09 
AUS 18914 0.69 0.03 0.97 0.05 
CPI 110882 0.70 0.14 0.86 0.01 
AUS 18996 0.70 0.21 0.92 0.13 
CPI 110630 0.70 0.12 1.00 0.10 
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Aeeendix 2.1 continued 
Accession no. Na+ Na+ K+ K+ 
~mmol ~r1o~ (stand dev) ~mmol ~r1 DWl (stand dev) 
CPI 110729 0.70 0.34 0.92 0.22 
CPI 110765 0.70 0.32 0.93 0.15 
AUS 18984 0.70 0.17 1.13 0.02 
AUS 18908 0.71 0.15 1.02 0.04 
CPI 110845 0.71 A 0.68 A 
CPI 110818 0.71 0.15 0.86 0.17 
CPI 110871 0.72 0.05 0.89 0.13 
CPI 110750 0.72 0.14 0.75 0.28 
CPI 110825 0.72 0.16 0.95 0.05 
AUS 21714 0.72 0.15 1.02 0.05 
CPI 110783 0.72 0.03 0.85 0.03 
CPI 110900 0.72 0.20 0.72 0.14 
CPI 110702 0.72 A 0.91 A 
CPI 110747 0.72 0.04 0.88 0.08 
11 
CPI 110763 0.72 0.26 0.91 0.05 
AUS 21720 0.74 0.30 0.79 0.07 
CPI 110724 0.74 0.13 0.96 0.14 
CPI 110794 0.74 0.02 1.07 0.06 
CPI 110837 0.74 0.27 0.86 0.15 
AUS 21717 0.74 0.19 0.79 0.10 
CPI 110898 0.74 0.25 0.78 0.04 
CPI 110832 0.74 0.07 0.83 0.10 
CPI 110660 0.74 0.03 0.94 0.14 
CPI 110769 0.74 0.1 o- 0.93 0.07 
CPI 110805 0.75 0.17 0.95 0.10 
CPI 110854 0.75 0.06 0.82 0.16 
AUS 18965 0.75 A 0.93 A 
AUS 21712 0.75 0.04 0.95 0.01 
CPI 110638 0.75 0.08 0.80 0.05 
CPI 110735 0 .75 0.09 0.93 0.16 
CPI 110789 0.76 0.08 0.81 0.05 
CPI 110611 0.76 0.18 0.92 0.11 
CPI 110670 0.76 0.09 1.04 0.03 
CPI 110677 0.76 0.08 0.85 0.10 
CPI 110704 0.76 0.32 0.79 0.19 
CPI 110610 0.76 0.09 1.02 0.12 
AUS 20349 0.77 0.31 0.96 0.11 
AUS 22974 0.77 0.21 1.09 0.01 
AUS 18895 0.77 0.29 1.02 0.08 
AUS 18913 0.78 0.16 0.95 0.08 
AUS 18976 0.78 0.07 0.97 0.16 
CPI 110816 0 .78 0.15 0.92 0.11 
CPI 110755 0.79 0.20 0.89 0.06 
CPI 110622 0.79 0.29 0.70 0.15 
CPI 110705 0.79 0.08 1.04 0.07 
CPI 110618 0.80 0.18 0.70 0.01 
CPI 110905 0.80 A 0.97 A 
CPI 110681 0.80 0.15 1.09 0.03 
CPI 110820 0.80 0.11 0.90 0.09 
AUS 21777 0.81 0.10 0.79 0.02 
AUS 18974 0.81 0.23 1.04 0.09 
CPI 110831 0.81 0.28 1.00 0.16 
CPI 110865 0.81 0.19 0.68 0.13 
AUS 18994 0.82 0.63 0.80 0.31 
CPI 110811 0.82 0.01 0.87 0.01 
CPI 110722 0.82 0.07 0.86 0.30 
CPI 110867 0.82 0.42 0.57 0.03 
..... 
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Accession no. Na+ Na+ K+ K+ 
!mmo19-1o~ (stand dev) !mmo19-1 DWl (stand dev) 
AUS 18981 0.83 0.25 1.00 0.18 
CPI 110709 0.83 0.10 0.71 0.11 
CPI 110824 0.83 0.17 0.71 0.12 
CPI 110819 0.83 0.06 0.98 0.09 
CPI 110861 0.83 0.19 0.99 0.14 
CPI 110693 0.83 0.03 0.83 0.02 
CPI 110694 0.83 0.11 0.87 0.01 
CPI 110800 0.84 0.04 1.09 0.05 
CPI 110830 0.84 0.48 0.81 0.24 
AUS 20350 0.84 0.05 0.73 0.11 
CPI 110901 0.84 0.18 0.70 0.03 
CPI 110685 0.84 0.44 1.06 0.20 
CPI 110620 0.84 0.12 0.83 0.12 
CPI 110695 0.84 0.30 0.73 0.22 
AUS 18975 0.84 0.22 0.89 0.05 
CPI 110676 0.85 0.30 1.07 0.23 
AUS 18955 0.85 0.12 0.82 0.02 
AUS 18909 0.86 0.19 0.80 0.03 
AUS 18991 0.86 0.12 . 0.77 0.01 
AUS 18973 0.86 0.08 0.84 0.06 
CPI 110614 0.86 0.08 0.71 0.04 
CPI 110632 0.86 0.22 0.80 0.09 
CPI 110906 0 .87 0.29 . 0.76 0.09 
CPI 110716 0.87 0.23 0.89 0.18 
CPI 110615 0.87 0.33 0.72 0.24 
AUS 21735 0.88 0.13 0.73 0.02 
AUS 21707 0.88 0.26 0.77 0.14 
CPI 110725 0.89 0.11 0.62 0.18 
CPI 110674 0 .89 0.32 0.96 0.12 
CPI 110606 0.89 0.07 0.79 0.02 
AUS 22938 0.89 0.18 0.81 0.06 
CPI 110767 0.90 0.56 0.89 0.13 
AUS 18835 0.90 0.02 0.79 0.01 
CPI 110781 0.90 0.32 1.16 0.06 
CPI 110804 0.90 0.26 1.00 0.07 
CPI 110784 0.90 0.15 0.86 0.10 
CPI 110857 0 .91 0.22 1.01 0.02 
AUS 21781 0.91 0.08 0.83 0.08 
CPI 110840 0.91 0.13 0.73 0.04 
AUS 18880 0.91 0.31 0.84 0.19 
CPI 110878 0.92 0.52 0.85 0.30 
CPI 110872 0.92 0.20 0.66 0.07 
CPI 110623 0.92 0.08 0.83 0.02 
CPI 110899 0.92 0.30 0.68 0.14 
CPI 110718 0 .93 0.60 0.94 0.22 
AUS 18916 0.93 0.19 0.75 0.12 
CPI 110715 0.93 0.38 1.09 0.15 
AUS 18992 0.93 0.18 0.92 0.18 
CPI 110727 0 .93 0.67 0.80 0.32 
CPI 110839 0.93 0.43 0.66 0.16 
CPI 110869 0.93 0.21 0.82 0.21 
CPI 110659 0.94 A 0.76 A 
CPI 110719 0.94 0.23 0.90 0.08 
CPI 110790 0 .94 0.47 1.04 0.02 
AUS 18990 0.95 0.30 0.81 0.11 
CPI 110652 0 .95 0.39 0.70 0.26 
I, CPI 110874 0.95 0.66 0.79 0.22 
AUS 18957 0.95 0.15 0.82 0.02 
CPI 110809 0.96 0.40 0.84 0.18 
CPI 110643 0.96 0.35 0.88 0.15 
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Accession no. Na+ Na+ K+ K+ 
~mmol ~r1o~ (stand dev) ~mmol ~f 1 DWl (stand dev) 
CPI 110626 0.97 A 0.89 A 
CPI 110762 0.97 0.05 0.83 0.20 
CPI 110612 0.97 0.35 1.02 0.01 
CPI 110851 0.97 A 0.78 A 
CPI 110852 0.98 0.34 0.77 0.07 
AUS 20351 0.99 0.42 0.88 0.20 
AUS 18983 0.99 0.01 1.01 0.02 
AUS 18988 1.00 0.21 0.87 0.20 
CPI 110754 1 .01 0.48 0.67 0.14 
AUS 22939 1.02 0.08 0.84 0.02 
AUS 21780 1.02 0.29 0.89 0.03 
CPI 110862 1.02 0.04 0.52 0.06 
AUS 20295 1.02 0.44 0.94 0.02 
CPI 110907 1.03 0.22 0.97 0.12 
AUS 18982 1.03 0.04 0.83 0.02 
CPI 110868 1.04 0.81 0.90 0.42 
AUS 18968 1.05 0.32 0.86 0.10 
AUS 18907 1.05 0.35 0.82 0.22 
CPI 110802 1.05 0.50 1.03 0.26 
CPI 110858 1.05 0.10 0.78 0.10 
CPI 110603 1.05 0.30 0.90 0.01 
I· 
CPI 110671 1.05 0.01 0.77 0.06 
CPI 110640 1.05 0.55. 0.39 0.02 
CPI 110753 1.05 A 0.66 A 
AUS 18917 1.06 0.16 0.84 0.01 
CPI 110881 1.06 0.68 1.04 0.24 
CPI 110743 1.07 0.67 0.65 0.22 
CPI 110647 1.07 0.01 0.83 0.02 
CPI 110870 1.07 0.18 0.68 0.14 
CPI 110734 1.08 0.35 0.73 0.23 
CPI 110749 1.09 0.71 0.68 0.32 
AUS 21778 1.10 0.53 0.86 0.23 
CPI 110699 1 .11 0.60 0.77 0.07 
AUS 21716 1.11 0.23 0.68 0.15 
CPI 110912 1.12 0.21 0.74 0.1 6 
CPI 110672 1.12 A 0.81 A 
CPI 110812 1.12 0.28 0.75 0.02 
CPI 110844 1.13 0.23 0.61 0.02 
CPI 110788 1.13 0.32 0.82 0.13 
AUS 22936 1.14 0.81 0.69 0.20 
AUS 20347 1.14 0.13 0.79 0.05 
AUS 21776 1.14 0.14 0.67 0.15 
CPI 110617 1 .15 0.40 0.94 0.14 
AUS 18836 1 .15 0.65 0.70 0.14 
AUS 21728 1.15 0.73 0.80 0.19 
AUS 18993 1 .15 0.63 0.79 0.21 
CPI 110826 1.16 0.41 0.84 0.07 
CPI 110689 1 .16 0.33 0.83 0.17 
CPI 110770 1.17 0.31 0.64 0.03 
CPI 110793 1 .18 0.17 0.89 0.09 
CPI 110732 1.18 0.01 0.62 0.17 
AUS 18952 1 .18 0.35 0.80 0.06 
CPI 110608 1 .18 0.69 0.93 0.03 
CPI 110785 1 .19 0.23 0.81 0.12 
CPI 110751 1.19 0.62 0.57 0.24 
CPI 110911 1.20 0.20 0.85 0.1 3 
/, AUS 18967 1.20 0.28 0.93 0.13 
CPI 110688 1 .21 0.23 0.83 0.02 
CPI 110698 1.23 0.42 0.67 0.1 6 
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Aeeendix 2.1 continued 
Accession no . Na+ Na+ K+ K+ 
!mmol ~r1o~ (stand dev) !mmol ~f 1 DWl (stand dev) 
CPI 110654 1.24 0.42 0.91 0.21 
CPI 110639 1.25 0.37 1.09 0.29 
AUS 18980 1.26 0.34 0.68 0.08 
CPI 110792 1.27 0.23 0.90 0.08 
AUS 18961 1.28 0.22 0.80 0.07 
AUS 18901 1.28 0.02 0.74 0.06 
CPI 110744 1.29 0.45 0.39 0.01 
CPI 110885 1.29 0.60 0.90 0.20 
CPI 110696 1.29 0.37 0.73 0.01 
CPI 110798 1.30 0.39 0.75 0.21 
AUS 18912 1.30 0.04 0.80 0.09 
AUS 18910 1.31 0.48 0.62 0.19 
CPI 110860 1.31 0.63 0.83 0.04 
AUS 18896 1.31 0.26 0.75 0.06 
CPI 110633 1.33 0.20 0.87 0.01 
CPI 110651 1.34 0.12 0.78 0.04 
CPI 110843 1.35 0.56 0.63 0.18 
AUS 21713 1.36 0.27 0.86 0.04 
CPI 110799 1.36 0.55 0.65 0.02 
AUS 18959 1.36 0.35 0.76 0.30 
AUS 18933 1.37 0.04 0.68 0.08 
CPI 110829 1.37 0.46 0.52 0.04 
CPI 110936 1.37 0.67 0.84 0.17 
CPI 110666 1.37 0.46 0.74 0.02 
CPI 110707 1.38 0.07 0.77 0.01 
AUS 18971 1.39 0.35 0.78 0.08 
CPI 110710 1.43 A 0.57 A 
CPI 110656 1.43 0.94 1.02 0.14 
CPI 110883 1.43 1.05 0.80 0.22 
CPI 110904 1.45 0.57 0.57 0.20 
CPI 110648 1.48 0.79 0.92 0.21 
AUS 19011 1.48 0.53 0.89 0.05 
AUS 18911 1.50 0.15 0.70 0.01 
CPI 110910 1.50 0.12 0.57 0.03 
AUS 18898 1 .51 0.44 0.82 0.03 
CPI 110876 1.53 0.20 0.60 0.06 
CPI 110703 1.57 0.89 0.63 0.23 
AUS 18950 1.59 0.17 0.73 0.08 
AUS 18997 1.61 1.03 0.69 0.19 
AUS 18964 1.62 0.06 0.78 0.01 
CPI 110791 1.63 0.05 0.74 0.06 
CPI 110621 1.64 0.54 0.67 0.04 
CPI 110686 1.64 0.97 0.72 0.14 
CPI 110859 1.66 0.28 0.73 0.03 
CPI 110605 1.67 0.03 0.60 0.07 
CPI 110738 1.70 1.00 0.9"f 0.04 
AUS 18966 1.75 0.72 0.81 0.07 
CPI 110629 1.77 0.26 0.70 0.05 
CPI 110627 1.79 0.32 0.81 0.12 
CPI 110797 1.79 0.70 0.71 0.05 
AUS 18985 1.81 0.61 0.78 0.09 
AUS 18986 1.83 0.07 0.64 0.19 
CPI 110801 1.83 0.42 0.71 0.14 
CPI 110909 1.83 1.26 0.96 0.11 
CPI 110646 1.86 0.56 0.70 0.05 
AUS 18902 1.87 0.75 0.85 0.06 
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Aeeendix 2.1 continued 
Accession no . Na+ Na+ K+ K+ 
~mmol ~r1o~ (stand dev) ~mmo19-1 DWl (stand dev) 
AUS 19012 1.88 0.45 0.70 0.09 
CPI 110884 1.90 0.79 0.75 0.05 
AUS 21711 1 .91 0.30 0.70 0.07 
CPI 110637 1.97 0.48 0.50 0.02 
CPI 110617 2.00 1.10 0.73 0.10 
AUS 18900 2.00 0.41 0.77 0.13 
AUS 18857 2.03 0.78 0.72 0.14 
AUS 18904 2.06 0.44 0.79 0.01 
AUS 21729 2.08 0.55 0.84 0.1 2 
CPI 110649 2.14 0.46 0.50 0.06 
CPI 110690 2.28 0.71 0.84 0.09 
AUS 18987 2.77 0.69 0.78 0.09 
AUS 18905 2.96 0.42 0.61 0.01 
I 
I I 
I , 
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Appendix 2.2 Experiment to identify more tolerant T. tauschii accessions 
Ten Triticum tauschii accessions and the two standard cultivars Kharchia and Modoc were grown 
in full strength Hoagland solution with 1 mol m-3 or 150 mol m-3 NaCl(+ 6 mol m-3 CaCl2). The 
addition of nutrient and NaCl followed the same protocol as in Chapter 2. Ten plants of each 
accession or cultivar were grown. Tanks were changed weekly. Plants emerged on April 13 and 
were harvested May 17. A total of 447 mol m-2 PAR accumulated during that time. Index of 
Leaf-2 area was measured in the first screening experiment as described in Chapter 2. 
Accession Shoot Dry weight (g) Relative Index of 
biomass Leaf-2 area 
1 mol m-3 NaCl 150 mol m-3 Na Cl 0/o of control cm2 
CPI 110663 1.61 ± 0.77A 0.75 ± 0.12 46 4 .88 
CPI 110664 2.11 ± 0.55 1.32 ± 0.53 62 7 .28 
CPI 110675 2.39 ± 0.49 1.32 ± 0.54 51 6 .66 
CPI 110761 0.72 ± 0.76 0.36 ± 0.31 50 4 .08 
CPI 110803 1.85 ± 0.50 0.64 ± 0.13 35 6 .26 
CPI 110814 1.28 ± 0.20 0.49 ± 0.28 38 4 .61 
CPI 110835 0.94 ± 0.16 0.47±0.11 50 3.42 
CPI 110888 2.58 ± 0.50 1.07 ± 0.10 41 7.62 
CPI 110902 1.13 ± 0.32 0.75 ± 0.63 66 3 .58 
CPI 110903 1.25 + 0.47 0.31 ±0.13 25 3 .68 
T. aestivum 2.59 ± 0.57 1.18±0.01 45 not 
cv. Kharchia measured 
T. turgidum 2.45 ± 0.50 0.67 ± 0.13 28 not 
cv. Modoc measured 
AM eans ± standard error 
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Appendix 5.1 Leaf area and leaf Na+ concentrations (± standard error) in leaf 5 of wheat 
genotypes, ditelocentric lines and Triticum tauschii accessions. Plants were grown in 125 
mol m-3 NaCl and the standard erotocol for NaCl addition was used as described in Chaeter 2. 
Genotype Leaf 5 Na+ Leaf 5 K+ Leaf 5 Leaf 5 Area Area Area Area 
(mmol g-1 (mmol g-1 Na+ K+ L2 L3 L4 LS 
D~ D~ (mol m·3) (mol m·3) (cm2) (cm2) (cm2) (cm2) 
T. aestivum 0.26 1.27 49 232 9.2 15.2 21 .4 27.2 
cv.Kharchia ± 0.01 ± 0.08 ±3 ±18 ± 0.5 ± 1.2 ± 1.6 ± 1.6 
T. turgidum cv. 1.40 0.54 233 91 6.7 10.6 16.3 18.5 
Modoc ± 0.05 ± 0.02 ±9 ±5 ±0.3 ± 0.4 ±0.6 ± 0.4 
T. aestivum cv. 0.36 1.34 56 217 8.0 12.6 18 .7 20 .5 
Chinese Spring ± 0.06 ± 0.03 ±8 ±9 ± 0.4 ± 0.8 ± 0.7 ± 1.5 
Mono4DA 
T. aestivum cv. 1.64 0.48 244 72 3 .7 6.5 8.95 9 .2 
Chinese Spring ±0.05 ± 0.01 ±5 ±3 ± 0.1 ± 0.3 ± 0.4 ± 0.8 
DT4DSB 
T. aestivum cv. 0.39 1.30 63 212 6.2 10.3 15 .0 12.64 
Chinese Spring 
DT4DLC 
± 0.03 ±0.04 ±5 ±6 ± 0.6 ± 0.7 ± 1.0 ± 1.4 
I· T. aestivumcv. 0.33 1.32 5_5 223 6.6 13.2 17.0 18.4 
Chinese Spring ±0.03 ± 0.03 ±5 ±7 ± 0.4 ±0.8 ± 0.8 ± 1.6 
T. tauschii 0.85 0.95 133 160 2.5 4.4 4.9 2.2 
CPI 110603 ±0.26 ± 0.10 ±33 ±3 ± 0.6 ± 0.7 ± 1.0 ± 1.0 
T. tauschii 1.03 0 .90 170 154 2.9 4 .2 4.9 2.7 
CPI 110604 ±0.27 ± 0.08 ±42 ±15 ±0.5 ± 0.7 ± 0.3 ± 1.1 
T. tauschii 0.77 0.68 163 144 3 .8 3.9 3 .5 2.7 
CPI 110605 ±0.08 ± 0.02 ±14 ±6 ± 0.2 ± 0.2 ± 0.2 ± 0.6 
T. tauschii 0.51 0.96 102 197 2.0 3 .2 3 .3 2.3 
CPI 110606 ± 0.07 ±0.08 ±13 ±17 ± 0.4 ±0.5 ±0.5 ± 0.8 
AT. aestivum cv. Chinese Spring Mono4D - one chromosome of 4D missing 
BT. aestivum cv. Chinese Spring DT 4DS - the long arm of chromosome 4D missing 
CT. aestivum cv. Chinese Spring DT 4DL - the short arm of chromosome 4D missing 
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Appendix 6.1 Molecular marker genotype and Na+ concentration (mmol g-1 OW) for 58 F2 
individuals of population #2. A denotes alleles from T. tauschii CPI 110664, B denotes alleles 
from T. tauschii AUS 18905 and H is the heterozygote. C is used where alleles from AUS 18905 
and D is used where alleles from CPI 110664 are the same as the heterozygote. The dash 
indicates missing data. An X before a probe indicates a DNA marker, psr indicates a DNA marker 
from PBI, Cambridge, cs indicates a DNA marker from CSIRO, ksu indicates a DNA marker from 
Kansas State. 
F2 progeny plant number 
Probe/lsozyme 1 2 3 4 5 6 7 8 9 10 11 12 13 
Adh2 A A H H B A A H H H H B 
Enp1 B H H H H 8 8 A 8 H B B 
GPUT A 8 H H 8 H 8 H H 8 H 8 
Pgd-1 H H H H A H H A 8 A H B 
X7SglobA C C C C C A C A C C C A A 
X7SglobE D 8 D D D D D D D D 8 D D 
XAdh3 A A A H H 8 A 8 B 8 H A 
XAga7 8 8 H H A 8 8 H 8 H A A H 
XcslH45 C C C C A C C C C C A A C 
XcslH49a D D D D 8 D 8 D B D D D B 
XcslH49b C A C C C A C C C A A C A 
XcslH52a C C C C A C C C C C A A C 
XcslH52b D D D D D B D B B B D D D 
XcslH58 C C A C C C C C C C C C A 
XcslH6.1 B B D D B D D D D D D B 
XcslH67 C C C C C A C A C C C C C 
XcslH69 H B H A H B A A H H H A H 
XcslH76 A C A C C C C C A C C C A 
r 
XcslH84a A C C C C C C C C C A C C 
XcslH84b B B B B B D 8 B B D D B B 
XcslH84c A C C C -c C C C C C A C A 
XcslH84d D B B D D B D B D B D D B 
XcslH84e D D D D D D D D D D D D 
XcslH84f A C A C A C C C A C C C 
XcslH92 B A H H H H H B H H H A A 
Xcsl103 B H H H A H H H A H H H A 
Xcsl105 B A H B H B H H B B H B A 
Xcsl 140A C A C C C A C C C C C A C 
Xcsl1408 D D D D D D 8 B D D B D D 
Xcsl140C B D D D D D B D D B D D D 
XcsLSO A H B H H B H B H B B H B 
Xcsl93 B H H H A H H H A H H H A 
Xcsl96 B A H H H H B H A H B H B 
XcslmwGlu B B A B H H B H A B H H A 
XdhnA A A A C C C C C A A C C A 
XdhnB D D D D D B D D D D B D 
xdhnC A A A C C C C C A A C C A 
XFBP A B A H B B H A H H H H B 
Xgermin C C A C C C A A C C C A C 
XGli-2 A A C C C A C A C C A A C 
XGlu-1 B B A H H B A H B B H 8 H 
XGSP B A H H H H H H H H B 
Xksu26 H A H A H A H B H B B A H 
Xksu75 C A C C C A C C C C C A C 
XNor-D3 B A H H H H B - H A H B H B 
Xpsr101 A B A H H B A A H H H H B 
Xpsr108 B B · A H B B H H H B H H A 
Xpsr112 B A H B H B H H B B H B A 
Xpsr117 H A B H H H H B H H H H 8 
Xpsr119 B H B H H A H H A H A H B 
Xpsr129 H B H A A B H B A H H H B 
Xpsr131 8 A H B H 8 H H B B H 8 A 
Xpsr135 H A H B H A H H B H B B H 
Xpsr138 D D B D D D D D D D D 8 B 
Xpsr154 A A H H H 8 H A H H B H 
Xpsr163 A B A H B B H A H H H H B 
Xpsr167 H H H H B A H H A H A H B 
Xpsr56 H A B H H H H B H H H H B 
Xpsr72 H B B A A B H H H H H H H 
leaf 5 Na+ 0.27 0.81 0.09 0.43 0.48 0.11 0.35 0.15 0.76 0.13 0.81 0.57 0.24 
/l concentrat ion 
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Aeeendix 6.1 continued 
F2 Progeny plant number 
Probe/lsoz~me 14 15 16 17 18 19 20 21 22 23 24 25 26 
Adh2 H H B H H B A H A B B H H 
Enp1 H B H H B B B H H B H A H 
GPUT H A B H A H B H H B B B B 
Pgd-1 H H A B H H H A A B H B B 
X7SglobA C C C C A C A C A A C A C 
X7SglobE D D D D D D D B D D B D D 
XAdh3 B H B A H H H A A H A H 
XAga7 H A B H H H B A H H H B B 
XcslH45 C A C C C C C A A C C C C 
Xcs1H49a D B D D D B D D B D D D D 
XcslH49b C C A A C C C C C A A A C 
XcslH52a C A C C C C C A A C C C C 
XcslH52b 8 D D D D D 8 D D D D D D 
XcslH58 C C C A C C C C C C A A A 
XcslH6.1 8 D B 8 D D D D D D D D D 
XcslH67 C C C 
-
A A C C C C C C C C 
XcslH69 8 H H H H H 8 8 A A 8 H H 
XcslH76 C C C A C C C C C C A A A 
XcslH84a C A C C C C C C C C C C A 
XcslH84b D B D D 8 D D D 8 D 8 B B 
XcslH84c C A C C C C C C A C C C A 
XcslH84d B D B D D B D B D B D D D 
XcslH84e D D D D D D B D D D D B D 
XcslH84f C A A A A C C C A A A C A 
XcslH92 H B H B H H B H A H A B H 
XcsL103 H B H A A H H B A H H H H 
XcsL105 A A H A H A A B H B A H A 
XcsL 140A C A C C C C C C C C C C C 
XcsL140B D D D B D B D D B B D D B 
XcsL 140C D B D D B B B D D D D D D 
XcsL80 H A B H H B H H H B H H B 
XcsL93 H B H A A H H B A H H H H 
XcsL96 H B A H A H H B H A H B A 
XcsLmwGlu B H H H A H B B A H A H A 
XdhnA A C C A A C A A C C C A C 
XdhnB D D D D D D D D D B D D D 
xdhnC A C C A A A A A C C C A C 
XFBP H H B H H B A H A B B H H 
Xgermin C ·C C C C C A C A C C C C 
XGli-2 A C A C A C C C C C C C C 
XGlu-1 B H H H H H B H H A H H H 
XGSP H H A A H H H B H H H B H 
Xksu26 H A H A A B H H A B A H B 
Xksu75 C A C C C C C C C C C C C 
XNor-D3 H B A H A H H B H A H B A 
Xpsr101 H H B H H B A H A B B H H 
Xpsr108 H H H A H B H B H H A A A 
Xpsr112 A A H A H A A B H B A H A 
Xpsr117 H A B H B H H H B B B 
Xpsr119 H H A B H H H A A B H B B 
Xpsr129 B H B B H A H A H H B H B 
Xpsr131 A A H A H A A B H B A H A 
Xpsr135 H B B A A A H B H H A H H 
Xpsr138 D D B D D D B D D D D D D 
Xpsr154 A H H A A A A A H B H A B 
Xpsr163 H H B H H B A H A B B H H 
Xpsr167 H H H B H B H H B A H A H 
Xpsr56 H A B A H H B H H H B B B 
Xpsr72 B H B B H A A H H H B H B 
leaf 5 Na+ 0.23 0.33 1.05 0.22 0.14 0.45 0.22 1.17 1.05 0.46 1.41 0.47 0.73 
concentration 
I, 
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Aeeendix 6.1 continued 
F2 progeny plant number 
Probe/lsoz~me 27 28 29 30 31 32 33 34 35 36 37 38 39 
Adh2 H A B H A H A B H B H H H 
Enp1 H H H H A H H A H H H H B 
GPUT B A H B A B H B H B A A A 
Pgd-1 A A B H B H H H A A A B H 
X7SglobA C A C C A A C C C A C C C 
X7SglobE B D B B D D D D D D D D B 
XAdh3 H H H A B B H B H B H H H 
XAga7 A H H A B H H B H B H B B 
XcslH45 A C C A C C C C C C C C 
XcslH49a D B B D D D D D D D B D 
XcslH49b C C C C C C C A C C C C C 
XcslH52a A C C A C C C C A C C C C 
XcslH52b D D D D B D D D D D D D D 
XcslH58 C A A A C C C C C C A A C 
XcslH6.1 D B D D D D D B D D D B D 
XcslH67 A A A A C C C C C C C C 
XcslH69 H A H A B B H H H B A A H 
XcslH76 C A A A C C C A C C A A C 
XcslH84a C C C C C A C C C C C C C 
XcslH84b B B B B B B B D B D D D D 
XcslH84c C C C C A A C C C C C C C 
XcslH84d D D D D D D D B D D D 8 D 
XcslH84e B D D D B D D D D D D D 
XcslH84f A A C A A C A C C C C 
XcslH92 H H A A H H H H H H H B B 
Xcsl103 H B A A H H H H H H H H H 
I· Xcsl105 A A H H B B H H H B B A A Xcsl140A C A A A C C C C C C C C A 
Xcsl 1408 D D D D B B D D B D B D D 
Xcsl 140C D D D B D D D D D D D B 
Xcsl80 B A H B A B H B H B H B A 
Xcsl93 H 8 A A H H H H H H H H H 
Xcsl96 H B B H B A H A H H H A H 
XcslmwGlu B A B B B A B A B H A A 
XdhnA A A A C C C C C A C C A C 
XdhnB D D D D D B D D D D D 
xdhnC A A A C C C C C A C C A C 
XFBP H H 8 B A H A B H B H H H 
Xgermin C A C C A A C C C C C C C 
XGli-2 C C C C C A A A C C C C C 
XGlu-1 H A H H H H B H B A H H 
XGSP H B H B H A H A H B H A A 
Xksu26 A H H A B B A H H H B H A 
Xksu75 C A A A C C C C C C C C A 
XNor-D3 H B B H B A H A H H H A H 
Xpsr101 H A B H A A A 8 H B H H H 
Xpsr108 B A A A H H H A A H 
Xpsr112 A H H H H B H H H B B A A 
Xpsr117 B H H B H H B A B A H A 
Xpsr119 H A B A B B H H A A H B H 
Xpsr129 B B H H H H A B A H A B H 
Xpsr131 A H H H H B H - H H B 8 A A 
Xpsr135 A H A H H H A H H 8 B H H 
Xpsr138 B D D B D B D D D B D D B 
Xpsr154 A H A B H H A A H H A H 
Xpsr163 H H B H A H A B H B H H H 
Xpsr167 B A B H A H H H H H H B B 
Xpsr56 B H H B H B H B A B A H A 
Xpsr72 H B H B A A A H A H A B H 
leaf 5 Na+ 0.27 0.39 0.8 0.16 1 .1 0.11 0.74 0.6 0.4 0.61 0.51 0.19 0.34 
concentrat ion 
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Aeeendix 6.1 continued 
F2 progeny plant number 
Probe/lsoz~me 40 41 42 43 44 45 46 47 48 49 50 51 52 
Adh2 B B B B H H H H B H H B H 
Enp1 H B B A A H H B H H A H B 
GPUT H B H H B A H H A H H H H 
Pgd-1 A A H H H A A B H H B H H 
X7SglobA C C C A A C A C C C C C C 
X7SglobE D B D D D D D D B D D B D 
XAdh3 B H B H H H H H A A B A B 
XAga7 A H B B A A H H A H B H H 
XcslH45 A C C C A A C C A C C C C 
XcslH49a D D B D B B D D D B D D B 
XcslH49b C C C C C C A C C C C C C 
XcslH52a A C C C A A C C A C C C C 
XcslH52b B D B D D D D D D D B D B 
XcslH58 C C C C A A C C C C C C A 
XcslH6.1 B B D B D D D B D D D D D 
XcslH67 C C C A C C A C A C A A C 
XcslH69 B H A H A H H H A H B A B 
Xcs1H76 C C C C A C C C C C C C C 
XcslH84a C C A C C A C A A C C C C 
XcslH84b B D B B B B D B D D D D D 
XcslH84c C C A C C A C A A C C C C 
XcslH84d B D D B D D D D D D B D B 
XcslH84e B B B B D D D D D D D D B 
XcslH84f C C A C C C C A C A C C 
XcslH92 H B A B B A H H B H H H A 
Xcsl103 H B H B B A B H B H H A A 
Xcsl105 H B B H H A A H H H H A A 
Xcsl140A A C A A A C C C A C C C C 
Xcsl 1408 D D D D D D D D D D D D D 
Xcsl 140C D B B D D D D B D D D D B 
XcsLSO B B H H B A H H A H H B H 
XcsL93 H B H B B A B H B H H A A 
Xcsl96 H H A H H H A A B H H B H 
XcsLmwGlu B H A A H H H B A H B B B 
XdhnA C A C C C C C C C C C C C 
XdhnB D D D D D D D B D D D D D 
xdhnC C A C C C C C C C C C C C 
XFBP B B B H H H H H B H H B A 
Xgermin C C C A A C C C C C C C C 
XGli-2 C A C A C C A C C C A A C 
XGlu-1 B H H H H A A H A A B A B 
XGSP A A H A A B H B B B 
Xksu26 H H A A H B H H B B H H H 
Xksu75 A C A A A C C C A C C C C 
XNor-D3 H H A H H H A A B H H B H 
Xpsr101 B B B B H H H H B H H B H 
Xpsr108 H H B B A H A B H H H A 
Xpsr112 H B B H H A A H H H H A A 
Xpsr117 H B H B B A H H H H H B H 
Xpsr119 A A H H H A A B H H B H H 
Xpsr129 B B H B B B H B A H H H A 
Xpsr131 H B B H H A A H H H H A A 
Xpsr135 H B B H B A A H H H B A H 
Xpsr138 D B B B D D D D D D D B D 
Xpsr154 H A H H H H H B H H H H A 
Xpsr163 B B B H H H H H B H H B A 
Xpsr167 H H B H H H H H H B B H A 
Xpsr56 H B H B B A H H H H H B H 
Xpsr72 H B H H H B H B A H H H A 
leaf 5 Na+ 0.4 0.68 0.52 0.21 0.07 0.72 0.64 0.83 0.73 0.41 0.85 0.99 2.07 
concentration 
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Aeeendix 6.1 continued 
F2 progeny plant number 
Probe/ lsozlme 53 54 55 56 57 58 
Adh2 H A H H H B 
Enp1 A B B B H B 
GPUT A A B H A A 
Pgd-1 B B A B H H 
X7SglobA A A A C C C 
X7SglobE D D D D D D 
XAdh3 H H H H H B 
XAga7 H H B B H H 
XcslH45 C C C C C A 
XcslH49a D D D D D D 
XcslH49b C C C C C C 
Xcs1H52a C C C C C C 
XcslH52b B D D D D 
XcslH58 C A C C C C 
XcslH6.1 D B B D D D 
XcslH67 C C C C C A 
XcslH69 H H H H H B 
XcslH76 A C C C C C 
XcslH84a C A C A C A 
XcslH84b D B B B D B 
XcslH84c C A A A C A 
XcslH84d D D D D D D 
XcslH84e D B D D B D 
XcslH84f C A C C C C 
XcslH92 B B A H H B 
Xcsl 103 H B A H H B 
I· Xcsl 105 B A H H B H Xcsl 140A C C C C C C 
Xcsl 1408 D D B B B B 
Xcsl 140C D B B B D B 
Xcsl80 H A H H H 
Xcsl93 H B A H H B 
Xcsl96 H B H B H B 
XcslmwGlu H H B H H H 
XdhnA C A C C C C 
XdhnB D D D D B D 
xdhnC C A C C C C 
XFBP H A B B B B 
Xgermin C A C A C C 
XGli-2 C A C A A C 
XGlu-1 H H H A H H 
XGSP H B H B H B 
Xksu26 H A H B B B 
Xksu75 C C C C C C 
XNor-03 H B H B H B 
Xpsr101 H A H H H B 
Xpsr108 B A B H H H 
Xpsr112 B A H H B H 
Xpsr117 A H B H B A 
Xpsr119 B B B B B H 
Xpsr129 A B B H A A 
Xpsr131 B A H H B H 
Xpsr135 H A A A B B 
Xpsr138 D B B D B D 
Xpsr154 H H H H B H 
Xpsr163 H A H H H B 
Xpsr167 B A B H H B 
Xpsr56 A H B H B A 
Xpsr72 H B A H A A 
leaf 5 Na+ 0.76 0.58 0.51 0.22 0.67 L24 
concentrat ion 
Appendix 7 .1 Mean (± standard error) of yield components for AgCS and 'Chinese Spring' 
grown in 1 mol m-3 NaCl (ctrf) and 150 mol m-3 NaCl (salt). Leaf Na+ concentrations are shown 
only for plants grown in 150 mol m-3 NaCl. See Chapter 5 for materials and methods. 
Genotype 
Dry matter 
(g/plant) 
Grain yield 
(g/plant) 
Stem height 
(m) 
ctrf salt ctrf salt ctrl salt 
AgcsA 86 ± 10 25 ± 3 37.4 ± 6 8 .0 ± 1 1.3 ± 0.1 1.0± 0.1 
T. aestivum 12 ± 1 37.6 ± 6 12.8 ± 1 1.0 ± 0.1 0.9± 0.1 
cv. Chinese Spring 
Appendix 7.1 continued 
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Harvest index 
Genotype ctrt salt 
Kernel weight 
(mg) 
ctrt salt 
Kernels per 
spike 
ctrt salt 
Na+ 
concentration 
in leaf 5 
salt 
AgcsA 0.30 ± 0.01 0.24 ± 0.02 26 ± 1 22 ± 2 71 35 0.15 ± 0.01 
T. aestivum 0.38 ± 0.02 0.51 ± 0.05 31 ± 1 27 ± 2 49 56 0.30 ± 0.03 
cv. Chinese Spring 
A Lophophyrum elongatum x T. aestivum 'Chinese Spring' 
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